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ABSTRACT

CEREBRAL MICROCIRCULATORY EFFECTS OF MATURATION
by
Scott R. Elliott
The present studies demonstrate that in the second (2B) and fourth (4B)
branches of newborn and adult sheep middle cerebral arteries, 5-HT2
serotonergic receptors mediate contractile responses to serotonin and that
alpha-1 adrenergic receptors mediate contractile responses to norepinephrine.
In addition, tissue sensitivity to 5-HT and NE decreases significantly with
maturation, but does not vary with branch order. These age-related changes
were associated with a decrease in affinity and maximum response in 2B and
4B segments of 5-HT and NE contracted arteries, respectively. Norepinephrine
and 5-HT occupancy at the pD2 rose significantly in 2B segments, but did not
change with age in 4B segments of NE contracted arteries and decreased
significantly in 2B segments of 5-HT contracted arteries. Together these
changes suggest that in 5-HT and NE contracted arteries differences in
sensitivity and maximum response are secondary to changes in affinity and
occupancy, although other factors are necessary to fully explain the changes in
NE and 5-HT responsiveness. The maturation of cerebral arteries is also
associated with significant changes in the mechanisms regulating
cerebrovascular responses to hypoxia. Our findings suggest that age-related
differences in electrophysiological characteristics reside in the small resistance
arteries where most vascular regulation occurs. These studies demonstrate a
role for KatP channels in hypoxic vasodilatation, which is larger, yet, less

sensitive in newborns than in adults. Accordingly, our studies also define a
glyburide-resistant but depolarization-sensitive relaxant component of the
response to hypoxia, that appears to represent Kca channels, which is of
greater magnitude than the Katp channel component, and plays a greater role
in adult than in newborn responses to hypoxia. Additionally, these studies
reveal a potent contractile response to hypoxia in arteries contracted by
potassium depolarization which was of greater magnitude in adults than in
newborns. In conclusion, the present studies suggest that differences in
contractility of sheep middle cerebral arteries, which vary by age and branch
order, involve changes in affinity, occupancy, sensitivity and maximum
response. In addition, the direct effects of hypoxia appear to be multifactorial
and appear to involve KATP and KCa channels in addition to other as yet
unidentified components
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INTRODUCTION
The high incidence of cerebrovascular complications observed in neonates
suggests that small arteries of the immature cerebral circulation are particularly
vulnerable to damage [Pape, 1989] [Del Toro et al., 1991]. Although the exact
causes for the increased morbidity are unclear, age related changes in the
ability to react to hypoxia have been implicated in a number of studies [Jensen,
1991]. Despite this vulnerability, relatively little is known of the effects of
maturation, artery location and branch order in arteries of the cerebral
circulation. Furthermore, even less is known concerning isolated microvessel
segments from any location, especially the cerebral circulation. Nevertheless,
we do know that both the newborn and the adult must rapidly adapt to changes
in cerebral arterial pressure. The failure to adapt to these changes appears to
be an important cause of cerebral damage, especially in the newborn [Pape,
1989]. The means by which cerebral contractility is controlled appears to vary
widely between the newborn and the adult and between arteries of different
sizes. The responses to norepinephrine (NE) and serotonin (5-HT) have been
shown to vary dramatically in relation to artery size, at least in adults [Van Riper
et al., 1991] [Pearce et al., 1991] [Matherne et al., 1988]. However, these
responses have been examined as a function of age only sparingly [Gitler et al.,
1991] [Pearce et al., 1991]. One complication of such studies is that contractile
responses vary markedly among different species [Sevan et al., 1987]
[Van Riper et al., 1991] [Hayashi et al., 1984] [Pearce et al., 1991] [Wagerle,
1990]. To date most studies, which have focused on age and artery locationrelated differences only in larger arteries, suggest that the responses to
contractile agents [Hayashi et al., 1984] and acute hypoxia [Jensen, 1991] vary
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dramatically with age and artery branch order. Thus, in the present studies we
have investigated the role of maturation and artery branch order in the
contractile responses to serotonin and norepinephrine and the responses to
acute hypoxia.
A major component defining the response to a contractile agent is the
sensitivity of the receptor to the agonist. Changes in sensitivity (as defined by
the pD2) to contractile agonists, which have been shown to vary widely with
arterial segment and branch order in numerous vascular beds [Gitler et al.,
1991] [Dunn et al., 1989], can be explained by either a change in receptor
density, or a change in the affinity of the agonist for the receptor, as described in
the variable affinity hypothesis [Sevan et al., 1989]. This hypothesis proposes
that changes in affinity, receptor density and the events that follow receptor
occupation can change the sensitivity of the biological response, and that these
changes may be due to differences in receptor structure, local membrane
microenvironment, and/or intracellular mechanisms [Oriowo et al., 1989].
Studies employing this concept have demonstrated that artery size-related
changes in sensitivity to contractile agonists involve changes in both affinity and
receptor occupancy [Sevan et al., 1987]. This approach, however, has yet to be
applied to age-related changes in receptor sensitivity in small cerebral arteries.
In larger arteries sensitivity to adrenergic agonists decreased with age in
monkey middle cerebral, sheep pial and renal cortex [Hayashi et al 1984]
[Wagerle et al., 1990] [Gitler et al., 1991] arteries, and with increasing branch
order in the rabbit [Van Riper and Sevan, 1991]. Although not published widely,
the sensitivity to serotonin receptor agonists appears to vary more widely and
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has been shown to decrease dramatically with maturation in the sheep [Pearce
et al., 1991] and with increasing branch order in the rabbit middle cerebral
artery and cat pial arteries [Van Riper and Sevan, 1991] [Auer et al, 1985]. In
contrast in cat circle of Willis arteries there was no size dependent relationship
[Hamel et al., 1988], and in branches of the sheep middle cerebral artery,
sensitivity increased with increasing branch order [Elliott and Pearce, 1993].
Owing to these large variations in the response to contractile agents it stands to
reason that the responses to hypoxia would also vary significantly.
Surprisingly, even though hypoxia results in greater morbidity in smaller,
immature arteries [Jensen, 1991] [Gordon et al., 1994] little is known concerning
the effects of acute hypoxia in siolated vessels of the cerebral microcirculation.
Although the exact causes for the increased morbidity are unclear, age related
changes in the ability to react to hypoxia have been implicated in a number of
studies. Furthermore, little is known of how differences in size affect the ability
of the cerebral microcirculation to react to hypoxia.
One of the proposed potential mechanisms involved in the changes
observed with hypoxic relaxation involves changes in potassium channels and
their ability to produce hyperpolarization. In the cerebral circulation the
membrane potential and contractility are tightly coupled [Brayden, 1992]. Given
the central importance of potassium channels in determining cerebrovascular
membrane potential under normal conditions it would be logical to conclude
that potassium might also play an important role during hypoxic
hyperpolarization. In fact, the "hyperpolazation hypothesis” which was first
proposed over twenty-five years ago [Detar and Bohr, 1968], predicts that
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changes in potassium conductance are partially responsible for the
hyperpolarization observed with hypoxia. However, it was not until 1988 that
investigators were able to confirm this hypothesis by showing that hypoxia
produced a hyperpolarization of up to 10 mV in whole cells from canine carotid
arteries [Grote et al.,1988]. Now, a growing body of evidence suggests an
important role for ATP-sensitive potassium channels (Katp) in the
hyperpolarization response to hypoxia [Daut et al., 1990].
It has been demonstrated that glibenclamide (glyburide), a selective blocker
of ATP-sensitive potassium channels, can block hypoxic vasodilatation in
guinea pig coronary arteries [Daut et al., 1990]. Additionally, recent evidence,
using the specific ATP-sensitive potassium channel activator, lemakalim, has
been obtained implicating potassium channels in the cerebrovascular
responses to hypoxia [Bonnet et al., 1991].
Thus, In the present studies we focused on age and size related changes in
cerebrovascular contractility and investigated why hypoxic relaxation is of
greater magnitude in the newborn than the adult. The first general hypothesis
we addressed was that both maturation and differences in artery branch order
are associated with changes in contractility. Our second general hypothesis
was that the mechanisms responsible for hypoxic cerebral vasodilatation would
also vary considerably among arteries of different branch order and age. To
explore these mechanisms, we formulated two specific hypotheses.
The first of these is the affinity hypothesis which states that age and size
related differences in the sensitivity to contractile agonists result from changes
in both receptor reserve, as indicated by measurements of receptor occupancy
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(RA/Rt), and receptor affinity (pKa). To investigate this hypothesis we
established which subtypes of alpha adrenergic and serotonergic receptors
were present in each artery group, which led to the determination of effects of
maturation and artery size on specific receptor type. We then determined
affinity and receptor reserve of alpha adrenergic and serotonergic receptors for
each artery group.

Cromakalim

a

Glibenclamide

\© A ©/

/
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© ©

\

J'ATP

Hypoxia

Figure 1. Proposed Mechanisms for the
Control of the ATP-Sensitive Potassium
Channel

The second is the hyperpolarization hypothesis which states that changes
in potassium conductance are partially responsible for the hyperpolarization,
and the concurrent vasodilatation, observed with hypoxia. To investigate this
hypothesis we determined the effects of cromakalim on the ATP-sensitive
potassium channels and how these effects change with maturation and artery
size as indicated by the vasorelaxant responses of these agents in arteries pre
contracted with either NE or 5-HT. To determine the contribution of

ATP-sensitive potassium channels in the response to acute hypoxia we
examined the effects of the specific antagonist, glyburide, in UTP pre contracted
arteries before and after exposure to acute hypoxia.
To investigate the effects of age and artery size on these responses we
examined each of these hypotheses in the second (internal diameter ~ 200|i)
and fourth (internal diameter * 130(1) branches of the ovine middle cerebral
artery of the newborn and adult.
Because it is known that, at least in larger adult arteries, vessel
characteristics such as wall thickness, stiffness and collagen elastin ratios
change dramatically with maturation and artery location [Pearce et al., 1991]
[Cox et al., 1976] [Roach, 1970] it was expected that these changes would also
take place in the cerebral microcirculation. As a result we expected to see
changes in length tension characteristics, especially optimum pre stretch.
Because the optimum pre stretch had never been determined in arteries of this
size from any location, it was necessary to determine the length tension
characteristics of each artery group in this study before we could proceed with
the determination of the contractile characteristics and, ultimately, hypoxic
relaxation.

CHAPTER TWO

Effects of Maturation on Alpha-Adrenergic Receptor Affinity
and Occupancy in Small Cerebral Arteries3

Scott R. Elliott1 and William J. Pearce2

aThis manuscript will be published in The American Journal of Physiology, June
1994
Participated in design of experiment, collection of data, statistical analysis of
data, and primary writer of manuscript
Collaborated in experimental design and techniques, reviewed all aspects of
findings and data analysis, secondary writer and primary editor of
manuscript
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ABSTRACT
These experiments examine the hypothesis that changes in receptor affinity
and occupation mediate maturational changes in norepinephrine sensitivity in
small cerebral arteries. In second (2B) and fourth (4B) branch order middle
cerebral artery segments from newborn and adult sheep, we first found that a
stretch ratio based on artery diameter better estimated optimum prestretch than
did passive tension. Next, we determined norepinephrine dose-response
relations before and after prazosin, yohimbine, and benextramine. Prazosin
competitively blocked contractions to norepinephrine, but yohimbine had no
effect, indicating that alpha-1 adrenoceptors mediated contraction.
Norepinephrine sensitivity (PD2), maximum response, and binding affinity all
decreased with age in 4B but not 2B segments. Receptor occupancy at the pD2
increased with age only in 2B segments. In conclusion, maturation of ovine
middle cerebral arteries involves branch-specific changes in affinity and
receptor occupation of the alpha-1 adrenoceptors which mediate contractile
responses to norepinephrine. Age-related changes in receptor density and/or
intrinsic efficacy are probably also involved.
ADDITIONAL INDEX TERMS:
Benextramine, Cerebrovascular Circulation, Microcirculation,
Norepinephrine, Ovine, Prazosin, Vascular Smooth Muscle, Yohimbine
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INTRODUCTION
The high incidence of cerebrovascular complications observed in neonates
suggests that small arteries of the immature cerebral circulation are particularly
vulnerable to damage (15, 5). Despite this vulnerability, relatively little is known
of the effects of maturation on small arteries, particularly those of the cerebral
circulation. To date most studies of vascular maturation have focused on agerelated changes in large arteries. These studies suggest that cerebrovascular
intracellular and connective tissue elements (16) and contractility (10) change
dramatically with age. Of particular interest is the finding that sensitivity (as
defined by the PD2) to adrenergic agonists appears to decrease with age (20)
and increasing branch order (19) in cerebral arteries.
In general, changes in sensitivity can be explained by either a change in
receptor density, or a change in the affinity of the agonist for the receptor, as
described in the variable affinity hypothesis (1). This hypothesis proposes that
changes in the affinity, receptor density and the events that follow receptor
occupation can change the sensitivity of the biological response, and that these
changes may be due to differences in receptor structure, local membrane
microenvironment, and/or intracellular mechanisms (14). Studies employing
this concept have demonstrated that artery size-related changes in sensitivity
to norepinephrine involve changes in both affinity and receptor occupancy (2).
This approach, however, has yet to be applied to age-related changes in
receptor sensitivity, particularly in small cerebral arteries.
Given that most previous studies of changes in receptor affinity and receptor
occupancy have focused on norepinephrine, we designed the present studies
to assess the effects of changes in both age and artery size on norepinephrine
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affinity. Based on preliminary data we hypothesized that the age-related
differences in sensitivity observed with norepinephrine involve changes in both
affinity and occupancy. We also proposed that the artery size-related
differences in sensitivity observed with norepinephrine are a result of changes
in receptor occupancy alone. To test these hypotheses, we examined alpha-1
adrenergic receptor affinity and receptor occupancy in the second (internal
diameter «200ja) and fourth (internal diameter ~130jj,) branches of the middle
cerebral artery of both newborns and adults. Owing to their extensive use in
maturational studies, and the fact that newborns of this species possess arteries
large enough to study with our techniques, we have chosen to use the sheep as
our animal model. To enable use of the method of partial irreversible blockade
to determine receptor affinity (8), we also determined the receptor type
mediating responses to norepinephrine in these arteries. Because length
tension characteristics change dramatically with maturation and artery location
in large arteries (16, 4, 17), and because such studies have never before been
published in small cerebral arteries, we also determined the conditions for
optimum pre stretch in each artery group studied.
METHODS
In order to determine the effects of maturation and to observe size related
differences in sensitivity we obtained segments of the second and fourth
branches of the middle cerebral artery from newborn lambs (5-7 days old) and
non-pregnant adult sheep (18-24 months of age). After the initial dissection and
removal of excess adipose and connective tissue, we cut the vessels into
individual ring segments approximately 1-1.5 mm long. We selected segments
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approximately 200p in internal diameter from the second branch of the middle
cerebral, and segments approximately 130|i from the fourth branch. We
mounted the selected segments on paired tungsten wires, 24p in diameter,
between a low compliance transducer (Kulite BG-10) and a post fixed to a
micrometer that we used to vary baseline tension. In order to avoid any
possible endothelium mediated effects, we then removed the endothelium by
rotating each arterial ring around the mounting wires several times to gently
scrape the entire luminal surface of each segment. In preliminary studies, this
technique had no significant effect on contractile responses to potassium or
norepinephrine.
We equilibrated the arteries at the normal ovine core temperature, 38.5 °C,
for at least 30 minutes in a bath that was superfused with a bicarbonate Krebs
solution containing 122mM NaCI, 5.56mM dextrose, 25.6mM NaHCOs, 5.17mM
KCI, 2.49mM MgS04, 1.60mM CaCl2, 0.114mM ascorbic acid, and 0.027 mM
disodium EDTA, and continuously bubbled with 95% 02-5% CO2. We obtained
micrometer readings, and thereby diameter measurements, for each arterial
segment under unstressed conditions (at «7 mg tension). Inside vessel
diameter was calculated as twice the distance between the two wires divided by
pi. During all contractility experiments the contractile tensions were
continuously digitized, normalized and recorded using an on-line computer. At
the conclusion of each experiment, we determined endothelial integrity by
contracting the arteries with norepinephrine, and then exposing them to either
1 pM acetylcholine or 10 pM ADR. We discarded arteries that relaxed more
than 10% in response to either of these agents.
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Determination of optimum baseline tension and diameter
We mounted vessel segments as described above and recorded
micrometer readings which enable calculation of vessel diameters at near zero
tension (Dzero), and at resting tensions varying from 30 to 600 mg. We carried
out a series of contractions over this range of baseline tensions by exposing the
arteries to an isotonic potassium Krebs solution containing 122 mM K+ and
31 mM Na+. At each resting tension, we contracted the arteries and, after peak
tension was reached, we returned the arteries to normal sodium Krebs solution
until baseline levels of tension were reestablished for at least 30 minutes. We
then incremented baseline tension, and repeated the contraction cycle. The
diameter associated with the development of the greatest active tension was
designated as optimum resting diameter (D0pt). The baseline tension
associated with the development of the greatest active tension was defined as
the optimum baseline tension.
Determination of the NE Dose Response Relation and Receptor
Type
We mounted vessel segments as described above and equilibrated them at
optimum diameter for 30 minutes. We then contracted the artery segments by
exposing them to an isotonic potassium Krebs solution. Once peak tensions
were attained we washed the vessels with normal sodium Krebs solution and
allowed them to return to baseline levels of tension for approximately
30 minutes. Next, we added 0.1 |iM desipramine- and 10 ^iM propranolol to the
bath to block neuronal uptake and beta receptors, respectively. Thirty minutes
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later, we added NE in half-log increments from 10-11 to 10‘2-5M and obtained
unblocked dose response curves.
To determine which adrenergic receptor subtypes were present in the
branches of the middle cerebral artery of the sheep, we added either 1 pM
prazosin or 1 pM yohimbine to block the oc1 and oc2 receptors, respectively.
Thirty minutes later, the dose-response relations were redetermined. We
compared these latter results with the unblocked response in the same artery.
To further verify our findings on receptor types we performed a series of
paired dose response experiments, following the protocol described above in
which the first curve was control and the second was in the presence of a
concentration of antagonist which produce a competitive inhibition with a
corresponding right-shift in the dose-response relation. Given that pA2= -logKe
(18), we then determined the pA2 for prazosin using the equation

[A']/[A]=1 +([B]/Kb)

eqn. 1

where [A] is the concentration of agonist in the control tissues at the pD2, [A1] is
the concentration of agonist in the blocked tissues at the pD2, Kb is the
dissociation constant of the binding reaction between the antagonist and the
receptor, and [B] is the concentration of antagonist.
Determination of NE Binding Affinity and Receptor Reserve
For these determinations, we first obtained control dose response curves in
vessel segments using the above described dose-response protocol. Upon
completion of the first dose-response determination, we then washed the
arteries to obtain a stable resting tension, and then exposed the same vessels
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to benextramine for 25 minutes in order to inactivate a fraction of the a
receptors. The concentration of benextramine used, 0.5 pM, was sufficient to
reduce maximal responses to 30-80% of the control responses in the same
artery. Following benextramine treatment, the dose-response determination
was repeated. We then used the Furchgott method as previously described by
our laboratory (11) for determining KA. Briefly, we compared concentrations of
norepinephrine producing equivalent responses before and after benextramine
in each artery. From these concentrations we determined affinity (Ka) via non
linear regression using the modified Furchgott equation:

log (A) = log {(A' KA q) / [KA + (1-q) A']}

eqn. 2

where q is the fraction of active receptors remaining after benextramine
treatment, A is the NE concentration of agonist at the pD2 before benextramine,
and A' is the NE concentration at the pD2 after benextramine, in each dosepair. The Ka value thus determined was used in the equation below to
calculate the fraction of receptors occupied in control tissues at each
concentration of agonist:

RA / Rt = [A]/(Ka +[A])

eqn. 3

where [A] denotes norepinephrine concentration in control tissues, RA is the
number of occupied receptors, and Rt is the total population of receptors. In the
Results section, values of the ratio RA/Rt are given at the pD2.
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Data Analysis and Statistics
All values were calculated as the mean ± the standard error of the mean. In
all cases, n refers to the number of animals used in a given experimental group.
All dose-response data were fitted to the logistic equation using computerized
non-linear regression (Wavemetrics, IGOR 1.26). This curve-fitting procedure
yielded three coefficients: the pD2 (-log of the EDso), the maximum effect, and
the Hill coefficient which quantifies the slope of the dose-response relation. For
all data sets, we evaluated the homogeneity of variance assumption among
subsets (homoscedasticity) using Bartlett's test. Where homoscedasticity was
verified across groups, we employed either 1-way or 2-way analyses of
variance (ANOVA) with maturational age (newborn or adult) as one factor and
artery type (fourth branch or second branch) as the other. From each ANOVA,
there were up to 3 statistical results: 1) age effect; 2) artery effect; and
3) interaction effect. For ANOVA analyses with one or more statistically
significant results, we calculated individual post-hoc differences between
treatments of a given vessel type using Duncan's multiple range test. For data
sets where homoscedasticity did not obtain, we performed single one-time
comparisons between corresponding newborn and adult arteries using a
Behren's Fisher analysis with pooled weighted variance. Unless otherwise
indicated, statistical significance implies p<0.05.
RESULTS
From 46 newborn lambs, and 53 adult sheep, we used a total of 260 arterial
segments. When we ran the same protocol on multiple segments of the same
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size from the same animal, we averaged the results into a single n value before
statistical analysis; all values of n refer to the numbers of animals used.
Optimum baseline tension and diameter
The average D zero of the arteries used for the length tension studies in the
newborn was 196 ± 4 |i (n=6) and 133 ± 8 jj, (n=9) in the second and fourth
branches, respectively. Corresponding values in the adult were 217 ±9 p (n=7)
and 137 ± 6 p (n=9), respectively. In newborn arteries, the ratio of D0pt/D zero
averaged 2.21 ± 0.04 (n=6) and 2.70 ±0.12 (n=9) in the second and fourth
branches, respectively (Figure 1). In adult arteries, corresponding ratio values
were 2.90 ±0.19 (n=7) and 3.33 ± 0.28 (n=9) in the second and fourth
branches, respectively.
4TH BRANCH MCA
• NEWBORN □ ADULT

2ND BRANCH MCA
• NEWBORN

□ ADULT

(n = 7)
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Figure 1 Optimum Diameter for the Development of Maximum Contractile Tone
Optimum pre stretch, as indicated by the Dopt/Dzero ratio, was significantly greater in the adult than in the
newborn (ANOVA, p<0.05) in both small (fourth branch middle cerebral artery) and large (second branch middle
cerebral artery) sizes. The Dopt/Dzero ratio also decreased significantly with increased vessel diameter in the
newborn, but did not vary significantly in the adult. The data shown are expressed relative to the maximum
contractile response to potassium depolarization. The vertical error bars indicate standard errors, and the
number of animals is given in parentheses.
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Estimates of resting tension in the newborn averaged 159 ± 32 mg (n=6)
and 158 ± 17 mg (n=9) in the second and fourth . Corresponding values in the
adult were 351 ± 190 mg (n=7) and 249 ± 133 mg (n=9), respectively. The
coefficients of variation for these estimates averaged 32.7% and 30.3% in the
second and fourth branch segments of the newborn, and 60.0% and 54.5% in
the corresponding adult segments. Interestingly, these values were all
markedly greater than the corresponding coefficients of variation associated
with the Dopt/DZero ratios which averaged 15.9% and 13.6% in the second and
fourth branches of the newborn, respectively. Corresponding adult coefficients
of variation averaged 12.5% and 23.6%. The transition from newborn to adult
involved significant increases in the relative amount of pre stretch required to
attain maximum tension in both artery branches. Values of the Dopt/DZer0 ratio
within animals of the same age decreased as diameter increased in both age
groups, although this size-related difference was significant only in the
newborn.
NE Dose-Response Relations and Receptor Type
The average sizes of the arteries used for norepinephrine dose-response
studies were 192± 6 p and 130± 6 p in the newborn second and fourth
branches, respectively, and 194+ 6 p and 136± 6 p in the adult second and
fourth branches, respectively. The maximum response to potassium
depolarization averaged 717± 57 mg and 712± 56 mg in the newborn second
and fourth branches, respectively, and 665± 73 mg and 649± 51 mg in the adult
second and fourth branches, respectively. The NE dose-response relations for
the four artery groups are shown in Figure 2.
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Figure 2 The Dose Response Relation to Norepinephrine and the Norepinephrine
Potassium Ratio
The dose-response relation to norepinephrine was right-shifted in the adult, relative to the newborn, in the
fourth branch order segments. This difference was not observed in the second order segments. Maturation
was also associated with a significant decrease in the maximum contractile response to norepinephrine,
when normalized relative to the maximum response to potassium depolarization (ANOVA, p<0.05) (see
inset). Vertical error bars indicate standard errors, and the number of animals is indicated in parentheses.
An asterisk indicates a significant difference between corresponding newborn and adult segments.

The transition from newborn to adult involved a significant decrease in the
norepinephrine pD2, when all arteries were analyzed simultaneously by
ANOVA. This decrease is reflected by a right shift in the dose response relation
in the fourth branch segments (p<.05) where the pD2 values averaged
6.19 ± 0.20 (n=22) in the newborn and 5.22 ±0.16 (n=29) in the adult
(Figure 3). The maximum response to norepinephrine averaged 531± 59 mg
and 617± 72 mg in the newborn second and fourth branches, respectively, and
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454± 46 mg and 374± 39 mg in the adult second and fourth branches,
respectively. When compared as a percentage of the maximum response to
potassium depolarization, there was also a significant decrease in the
maximum ability to contract to NE with increasing age when all arteries were
analyzed simultaneously by ANOVA. In the fourth branch order segments;
these ratios averaged 86.1 ± 6.8% in the newborn and 58.7 ± 5.9% in the adult
(see inset, Figure 2). However, when the second branch order segments were
analyzed independently, their sensitivity did not vary significantly with age; pD2
values averaged 5.88± 0.23 (n =20) and 5.52 ± 0.22 (n =24) in the newborn
and adult respectively. Similarly, in the second branch order segments alone,
the percentage of the maximum responses to potassium depolarization induced
by norepinephrine did not vary significantly with age and averaged 73.9 ± 5.4%
in the newborn and 67.3 ± 6.4% in the adult.
Norepinephrine Hill values in the fourth branch order segments (Figure 3)
were significantly smaller in the newborn (0.83±0.10) than in the adult
(1.49±0.28). Corresponding values in the second branch order segments were
also significantly lower in the newborn (0.94±0.10) than in the adult (1.45±0.30).
However, when Hill values were compared on the basis of artery size, there
were no significant differences observed in either age group.
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Figure 3 Hill and pD2 Values for the Dose Response Relation to Norepinephrine
In the second branch order middle cerebral artery segments, sensitivity to norepinephrine, as indicated by
the pD2 values, was significantly less (ANOVA, p<0.05) in the adult, relative to the newborn. The
corresponding difference observed in the fourth order segments did not reach significance. Hill values were
significantly greater in the adult than in the newborn (ANOVA, p<0.05) in both artery sizes. Vertical error
bars indicate standard errors, and the number of animals in each group is given at the base of each bar.
Asterisks indicate a significant difference between corresponding newborn and adult segments.

The addition of 10 jiM prazosin, a specific alpha-1 antagonist, almost
completely eliminated the responses to NE in all artery segments (Figure 4). At
the norepinephrine pD2, the percent maximum response to potassium
depolarization ranged from 2-4 % of the unblocked response. In a separate
experiment, using prazosin 1.0 X 10-8M we noted competitive type inhibition as
indicated by a parallel right shift in the dose response curve. Using equation 1
we were able to determine that the antagonist dissociation constant (Kb) for
prazosin was 2.8 X 10'8M and 7.5 X 10'8M for the second and fourth branches
respectively. The addition of 10pM yohimbine, a specific alpha-2 antagonist,
had no significant effect on responses to NE.
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Figure 4 The Effects of Alpha Receptor Antagonists on the Dose Response Relation to
Norepinephrine.
Prazosin, a specific alpha-1 antagonist, significantly attenuated the response to norepinephrine in all
segments (ANOVA, p<0.05) at the pD2- Yohimbine, a specific alpha-2 antagonist, had no significant effect
in any artery group. Vertical error bars indicate standard errors, and the number of animals in each group is
given in parentheses. The data shown are expressed relative to the maximum contractile response to
potassium depolarization.

NE Affinity and Receptor Reserve
Norepinephrine affinity (Figure 5) in the fourth branch order segments,
expressed as -log Ka (pKa), was significantly (p<.01) higher in the newborn
(5.89 ± .18, n = 6) than in the adult (5.14 ± .09, n = 8). In the second branch
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order segments, corresponding affinity values were not significantly different in
the newborn (5.69 ± .42, n = 8) and the adult (5.63 ± .31, n = 7).
In the adult segments, receptor occupancy at the pD2 was significantly greater
(p<.01) in the second branch order segments; the RA/Rt values at the pD2
averaged 53.5 ± 8.5 (n = 7) in the second branch order segments and
34.1 ± 6.7 (n = 8) in the fourth branch order segments. In the newborn, receptor
occupancy at the pD2 did not vary with artery diameter and averaged
30.5 ±9.1 (n = 8) in the second branch order segments, and 26.5 ± 9.2 (n=6) in
the fourth branch order segments, respectively. Receptor occupancy at the pD2
increased with age in the second, but not fourth branch order segments.
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Figure 5 Affinity and Occupancy of Alpha Receptors in Norepinephrine Contracted
Arteries
In fourth branch order segments, affinity (pKa) was significantly (ANOVA, p<0.05) smaller in adults than in
newborns. This difference, however, was absent in the second branch order segments. Receptor
occupancy at the pD2 (RA/Rt) was similar in fourth branch order segments from newborns and adults. In
second branch order segments, however, RA/Rt values were significantly greater in adult, relative to
newborn, segments. In adults, RA/Rt values were significantly greater in the second branch than in the
fourth branch segments. A corresponding difference was not observed in the newborn. Vertical error bars
indicate standard errors, and the number of animals in each group is given at the base of each bar. An
asterisk indicates a significant difference between corresponding newborn and adult segments and closed
circle indicates a significant difference between corresponding segments of different branch order.

DISCUSSION
The present studies offer four important observations. First, the optimal pre
stretch required for maximal contractility in small cerebral arteries of the sheep,
was more reliably predicted by Dopt/Dzero ratios than by estimates of optimum
baseline tension. Second, the contractile response to NE, which varied widely
as a result of maturation and differences in artery diameter, was associated with
alpha-1 receptors. Third, tissue sensitivity to norepinephrine (as reflected by
changes in pD2 values) was not significantly different in second branch and
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fourth branch order middle cerebral artery segments from animals of the same
age. Despite this absence of change in sensitivity, norepinephrine receptor
occupancy at the pD2 was greater in the second branch order segments of the
adult, but not the newborn. Fourth, tissue sensitivity to norepinephrine
decreased significantly with age in fourth, but not second, branch order
segments, and this decrease was associated with a decrease in affinity and no
change in receptor occupancy at the pD2. In second branch order segments,
norepinephrine sensitivity and affinity did not change with age, although
receptor occupancy at the pD2 increased.
Optimum baseline tension and diameter
Large arteries studied in vitro are usually pre stretched to a given resting
tension to attain optimum length. This common practice is based on the
assumption that the length-active tension relation has a long flat plateau, which
has been verified in numerous previous studies. This assumption however,
does not appear to apply to small arteries of the ovine cerebral circulation
(Figure 1). In each artery type examined, the length-active tension relation rose
and fell sharply around a narrowly defined peak. Consistent with this
observation, the coefficients of variation for our estimates of the D0pt/D zero ratio
were much less than the corresponding coefficients for our estimates of
optimum tension. A probable explanation of this difference is that the D0pt/D zero
ratio approach imposes a fixed change in smooth muscle length independent of
individual differences in segment length, thickness, or compliance, whereas
these variables can contribute to variation in estimates of optimum tension.
These factors are likely to be of major significance in the present studies, given
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that major changes in thickness and compliance have been documented in
arteries of varying diameter and age (4, 16, 17).
Interestingly, values of the D0pt/DZero ratio were less in newborn than in
adult segments from both the second and fourth branch order arteries. This
observation, which is consistent with previous observations (12), suggests that
the compliance of small cerebral arteries changes during maturation, such that
they require more stretch to attain optimal length in adults. Consistent with this
observation, compliant elements of the artery wall, such as collagen and elastin,
have been shown to increase during early postnatal development (17).
Alternatively, it is possible that the optimum sarcomere length is greater in adult
smooth muscle cells. Although the present results cannot discriminate between
these possibilities, they nonetheless emphasize the importance of determining
optimal pre stretch conditions in arteries of the cerebral microcirculation.
NE Dose-Response Relations and Receptor Type
As indicated in Figures 2 and 3, we observed significant variations in the
contractile responses to NE. In all cases, responses to norepinephrine were
completely blocked by 10 pM prazosin and unaffected by 10 pM yohimbine,
indicating that these responses were mediated exclusively by alpha-1
adrenergic receptors. Consistent with this interpretation, the pKe values
obtained for prazosin agreed well with previously published values for the
alpha-1 receptor (13, 7, 14). These results thus reinforce the view that the
cerebrovascular mechanisms mediating responses to norepinephrine vary
widely among species (3).
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Unlike findings in previous studies (2, 19), tissue sensitivity to
norepinephrine (as indicated by pDa values), did not change with artery
diameter in either newborn or adult segments. Variations in adrenergic
responsiveness among species are the most probable explanation for this
difference, particularly in light of findings similar to ours in the baboon (10). In
contrast, tissue sensitivity to NE decreased significantly with age in the fourth
branch segments This latter observation agrees with previous findings in both
the cerebral (20) and pulmonary (6) circulations of the sheep. The mechanisms
responsible for these shifts, however, remain unclear.
Coincident with the age-related changes in tissue sensitivity to
norepinephrine, were significant decreases in the maximum contractile
responses to norepinephrine (Figure 2, inset), in the fourth branch. This
observation is consistent with previous findings in larger ovine cerebral arteries
(16), but disagrees with similar studies in ovine pulmonary arteries (6). Our
present findings demonstrate that the pathway coupling norepinephrine to the
contractile response changes with age. These changes could potentially
involve any of numerous events including receptor binding, second messenger
metabolism, as well as changes in the contractile apparatus itself.
The interpretation that cerebrovascular responses to norepinephrine
change with age is further strengthened by our finding that the Hill coefficients
of the NE dose-response relation increased dramatically with age in both artery
sizes (Figure 3). This implies that the range of norepinephrine concentrations
eliciting a significant contractile response is greater in the newborn than the
adult and suggests that the physiological consequences of low concentrations
of perivascular norepinephrine are greater in newborn than adult cerebral
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arteries. Because the relation between norepinephrine concentration and
contractile response involves multiple biochemical steps, these Hill coefficients
simply reflect the slopes of the dose-response relations and suggest possible
changes in the rate limiting step(s) in this pathway. The identity of the ratelimiting step(s), however, remains unknown.
NE Binding Affinity and Receptor Occupancy
Two key determinants of the relation between norepinephrine concentration
and contractile response are the receptor affinity, and the size of the receptor
population. As with pD2 and maximum response, norepinephrine affinity did
not change with artery diameter in either age group (Figure 5). However,
norepinephrine affinity did decrease significantly with age in the fourth branch
order segments. This suggests that in these segments, the decrease in affinity
may be involved in the observed age-related decreases in both norepinephrine
sensitivity and maximum response. In sharp contrast, no significant age-related
changes in sensitivity, maximum response, or affinity were observed in the
second branch order segments. This result suggests that changes in affinity
play a key role in age-related changes in responsiveness to norepinephrine.
On the other hand, affinity changed only in the fourth branch order segments,
whereas the Hill coefficients were markedly increased with age in both artery
sizes, which suggests that in addition to affinity, other factors play a role in agerelated changes in norepinephrine responsiveness.
Aside from affinity, another key determinant of the relation between
norepinephrine concentration and contractile response is the number of
functional receptors. In the present experiments, we have estimated the
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percentage of these receptors bound to norepinephrine at the pD2 (RA/Rt). In
the newborn, RA/Rt did not change significantly in relation to artery diameter,
although it decreased with increasing branch order in the adult. This suggests
that receptor reserve is decreasing (14) as diameter increases in adult, but not
newborn, middle cerebral arteries. This change, in the absence of changes in
pD2 and affinity, suggests a possible decrease in the density of receptors as
diameter increases in the adult segments, although the exact relationship
between receptor occupancy and receptor density cannot be determined using
the present methods.
With maturation, RA/Rt did not change significantly in the fourth branch
order segments, although affinity, sensitivity and maximum response all
decreased. This suggests that the observed changes in sensitivity, and
possibly also in maximum response, are largely due to changes in affinity. In
the second branch order segments, RA/Rt increased markedly in the absence of
major changes in affinity, sensitivity, and maximum response. Again, as
suggested above for size-related changes in receptor occupancy in the adult
segments, these findings suggest a possible decrease in receptor density with
maturation in the second branch order segments.
In conclusion, the present study demonstrates that in the sheep middle
cerebral artery, alpha-1, but not alpha-2, adrenergic receptors mediate
contractile responses to norepinephrine. In addition, tissue sensitivity to
norepinephrine can decrease significantly with maturation, but does not vary
with increasing branch order. These age-related changes in sensitivity were
associated with a decreased affinity in fourth, but not second, branch order
segments. Interestingly, receptor occupancy at the pD2 did not change with age
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in the fourth branch, but rose significantly in the second branch order segments.
Together, this pattern of changes demonstrates that maturation involves major
changes in the alpha-adrenergic neuroeffector system of ovine middle cerebral
arteries. While changes in receptor occupation and affinity appear to be
involved, they do not fully account for the differences observed. Thus, other
mechanisms such as changes in receptor density and/or intrinsic efficacy may
also play a role. How these changes in sensitivity and affinity are mediated
remain unknown, and may reflect changes in membrane fluidity, receptor
up/down-regulation, levels of vasotrophic hormones, and changes in the
contractile apparatus itself. Regardless of the exact mechanisms mediating the
observed changes, the present results strongly suggest that increased
responsiveness to norepinephrine is characteristic of immature fourth branch
middle cerebral arteries in the sheep.
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ABSTRACT
These experiments examine the hypothesis that changes in receptor affinity
and occupation mediate maturational changes in serotonin sensitivity in small
cerebral arteries. In second (2B) and fourth (4B) branch order middle cerebral
artery segments from newborn and adult sheep, we determined serotonin doseresponse relations before and after ketanserin and phenoxybenzamine.
Ketanserin (10 nM), a selective 5-HT2 receptor antagonist (pA2 8.90-8.98),
competitively blocked contractions to serotonin, but propranolol, (IpM) an
antagonist at the 5-HT1a, 5-HT1b and 5-HT1c receptor subtypes, had no effect.
Contractions mediated by 8-OH-DPAT (100 pM), a selective 5-HT1a agonist,
were completely blocked by ketanserin (100 nM) indicating that 5-HT2 receptors
mediated contraction. Phenoxybenzamine irreversibly blocked the contractile
response to serotonin enabling the use of the method of partial irreversible
blockade for determining agonist affinity and occupancy. In 2B segments,
tissue sensitivity to serotonin (pD2) decreased with age, and this decrease was
associated with decreases in agonist affinity and an increase in receptor
occupation at the pD2 (RA/Rt). In 4B segments, pD2 did not change with age
although both affinity and RA/Rt decreased. This pattern of changes suggests
that maturation involves decreases in affinity which in 2B segments combine
with increases in RA/Rt to contribute to a decrease in pD2, but in 4B segments
are at least partially offset by decreases in RA/Rt such that pD2 does not change
with age. However, maturation probably also involves other mechanisms
including changes in receptor density and/or intrinsic efficacy.
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INTRODUCTION
Studies of cerebrovascular maturation have shown that vascular
contractility varies dramatically with age and artery location even within the
same species. Most studies of cerebrovascular maturation to date, however,
have focused on age-related changes almost exclusively in larger arteries.
Owing to the significant variations in contractility observed among arteries of
varying size [Hayashi et al., 1984] [Pearce et al, 1991], conclusions based on
developmental studies in larger arteries cannot be freely extrapolated to smaller
arteries. Therefore, the present study focuses on the effects of maturation in
small (<200 p, inside diameter) cerebral arteries.
Although direct measurements of the maturational changes in sensitivity to
aminergic agonists have not been published widely, maturation has been
shown to attenuate sensitivity to aminergic agonists. In the sheep renal cortex
the sensitivity to adrenergic receptor agonists decreased with maturation [Gitler
et al., 1991]. In addition, contractile responses to NE have been shown to
decrease with maturation in monkey middle cerebral and sheep pial arteries
[Hayashi et al 1984] [Wagerle et al., 1990]. Cerebrovascular contractile
responses to 5-HT also decreased dramatically with maturation, especially
when normalized relative to maximum responses to potassium depolarization
[Pearce et al., 1991]. One possible explanation of these findings is that either
receptor density or affinity to aminergic agonists is decreasing with age.
In addition to its modulation by maturation, agonist sensitivity, as defined by
the pD2 (-log of the ED50) also appears to vary with arterial segment and branch
order in numerous vascular beds [Gitler et al., 1991] [Dunn et al., 1989]. Of
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particular interest in the relatively small number of such studies conducted
using cerebral arteries, is the apparent disparity between the tissue sensitivities
observed among different preparations. For example, the sensitivity to
serotonin receptor agonists decreased with increasing branch order in the
rabbit middle cerebral artery and cat pial arteries [Van Riper and Sevan, 1991]
[Auer et al, 1985]; while in circle of Willis arteries of the cat there was no size
dependent relationship [Hamel et al., 1988]. In branches of the sheep middle
cerebral artery, sensitivity increased with increasing branch order [Elliott and
Pearce, 1993]. The mechanisms responsible for these size-related variations in
sensitivity remain unclear.
In general, changes in sensitivity can be explained by either a change in
receptor density, or a change in the affinity of the agonist for the receptor, as
described in the variable affinity hypothesis [Bevan et al., 1989]. This
hypothesis proposes that changes in the affinity, receptor density and the
events that follow receptor occupation can change the sensitivity of the
biological response, and that these changes may be due to differences in
receptor structure, local membrane microenvironment, and/or intracellular
mechanisms [Hodgkin et al., 1991]. Studies employing this concept have
demonstrated that artery size-related changes in sensitivity to norepinephrine
involve changes in both affinity and receptor occupancy [Bevan et al., 1987]
[Elliott & Pearce, 1994]. This approach, however, has yet to be applied to
age-related changes in receptor sensitivity, particularly in small cerebral
arteries.
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Given the large number of previous studies concerning serotonin vascular
smooth muscle contractility, we designed the present studies to assess the
effects of changes in both age and artery size on serotonin affinity. On the basis
of preliminary data we hypothesized that the differences in sensitivity observed
with serotonin involve changes in both affinity and receptor occupancy. To test
this hypothesis, we examined 5-HT2 receptor affinity and receptor occupancy in
the second (internal diameter «200p) and fourth (internal diameter «130|i)
branches of the ovine middle cerebral artery of both newborns and adult.
Owing to their extensive use in maturational studies, and the fact that newborns
of this species possess arteries large enough to study with our techniques, we
have chosen to use the sheep as our animal model. To enable use of the
method of partial irreversible blockade to determine agonist affinity [Furchgott
and Bursztyn, 1967], we also determined the receptor type mediating responses
to serotonin in these arteries.
METHODS
To determine the effects of maturation and branch order on agonist
sensitivity, we obtained segments of the second and fourth branches of the
middle cerebral artery from newborn lambs (5-7 days old) and non-pregnant
adult sheep (18-24 months of age). After the initial dissection and removal of
excess adipose and connective tissue, we cut the vessels into individual ring
segments approximately 1 mm long. To eliminate endothelium mediated
effects, we removed the endothelium by passing a small diameter wire through
the lumen of the vessel a number of times. We selected segments
approximately 200p in internal diameter from the second branch of the middle
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cerebral, and segments approximately 130p, from the fourth branch. We
mounted the segments on paired tungsten wires, 24p, in diameter, between a
low compliance transducer (Kulite BG-10) and a post fixed to a micrometer that
we used to vary baseline tension. We equilibrated the arteries at 38.5 °C for at
least 30 minutes in a bath that was superfused with a bicarbonate Krebs
solution containing 122 mM NaCI, 5.56 mM dextrose, 25.6 mM NaHCOs,
5.17 mM KCI, 2.49 mM MgS04, 1.60 mM CaCl2, 0.114 mM ascorbic acid, and
0.027 mM disodium EDTA, and continuously bubbled with 95% 02-5% CO2.
We obtained micrometer readings, and thereby diameter measurements, for
each arterial segment under unstressed conditions (at «7 mg tension). Inside
vessel diameter was calculated as twice the distance between the two wires
divided by pi. We then used these diameter measurements to stretch each
artery segment to its individual optimum diameter [Elliott and Pearce, 1994].
During all contractility experiments the contractile tensions were continuously
digitized, normalized and recorded using an on-line computer. At the
conclusion of each experiment, we determined endothelial integrity by exposing
the contracted arteries to either 1

jiM

acetylcholine or 10 jiM ADR. We

discarded arteries that relaxed more than 10% in response to either of these
agents.
Determination of the 5-HT Dose Response Relation and
Receptor Subtype
We mounted vessel segments as described above and equilibrated them at
optimum diameter for 30 minutes. We then contracted the artery segments by
exposing them to an isotonic potassium Krebs solution. Once peak tensions

39
were attained we washed the vessels with normal sodium Krebs solution and
allowed them to return to baseline levels of tension for approximately
20 minutes. Next, we added 100 nM desipramineto block neuronal uptake.
Additionally, prazosin 100 nM was added to block the possible activation of
alpha-1 receptors reported in other studies [Purdy et al., 1985; 1986]. Thirty
minutes later, we added 5-HT in half-log increments from 10-11 to lO-2-5 M and
determined the unblocked dose response relations.
To determine which serotonergic receptor subtypes were present, we
added either ketanserin 10 nM or propranolol IpM to block the 5-HT2 receptors
or 5-HT-ia 5-HT-ib and 5-HT-ic [Schoeffter and Erdemli, 1992] recognition sites,
respectively. Thirty minutes later, the dose-response relations were
redetermined. We then compared these results with the unblocked response in
the same artery. In order to further verify the receptor subtypes present we
obtained additional arterial segments and exposed them to 100 pM
8-OH-DPAT, a relatively selective 5-HT1a agonist, in the presence or absence
of 100 nM ketanserin.
To further confirm our findings on receptor types we performed a series of
paired dose response experiments, following the protocol described above in
which the first curve was control and the second was in the presence of a
concentration of antagonist which produce a competitive inhibition with a
corresponding right-shift in the dose-response relation. Given that pA2= -logKe
(18), we then determined the pA2 for ketanserin using the equation

[A']/[A]=1 +([B]/Kb)

eqn. 1

40
where [A] is the concentration of agonist in the control tissues at the pD2, [A'] is
the concentration of agonist in the blocked tissues at the pDa, and [B] is the
concentration of antagonist.
Determination of 5-HT Binding Affinity and Receptor Reserve
For these determinations, we first obtained control dose response curves in
vessel segments using the above described dose-response protocol. Upon
completion of the first dose-response determination, we then washed the
arteries to obtain a stable resting tension, and then exposed the same vessels
to phenoxybenzamine for 25 minutes in order to inactivate a fraction of the 5-HT
receptors. The concentration of phenoxybenzamine used, 0.05 pM, was
sufficient to reduce maximal responses to 30-80% of the control responses in
the same artery. Following phenoxybenzamine treatment, the dose-response
determination was repeated. We then used the Furchgott method as previously
described by our laboratory [Hodgkin et al., 1991] for determining KA. Briefly,
we compared concentrations of serotonin producing equivalent responses
before and after phenoxybenzamine in each artery. From these concentrations
we determined affinity (KA) via non-linear regression using the modified
Furchgott equation:

log (A) = log {(A1 KA q) / [KA + (1-q) A']}

eqn. 2

where q is the fraction of active receptors remaining after phenoxybenzamine
treatment, A is the serotonin concentration of agonist at the pD2 before
phenoxybenzamine , and A' is the serotonin concentration after
phenoxybenzamine which produced the same effect, in each dose-pair. The
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Ka value thus determined was used in the equation below to calculate the
fraction of receptors occupied in control tissues at each concentration of
agonist:

RA / Rt = [A]/(Ka +[A])

eqn. 3

where [A] denotes serotonin concentration in control tissues; RA is the number
of receptors bound to serotonin (A); and Rt is the total receptor population. In
the Results section, values of the ratio RA/Rt are given at the pD2.
Statistics
All values were calculated as the mean ± the standard error of the mean. In
all cases, n refers to the number of animals used in a given experimental group.
For all data sets, we evaluated the homogeneity of variance assumption among
subsets (homoscedasticity) using Bartlett's test. Where homoscedasticity was
verified across groups, we employed either 1-way or 2-way analyses of
variance (ANOVA) with maturational age (newborn or adult) as one factor and
artery type (fourth branch or second branch) as the other. From each ANOVA,
there were up to 3 statistical results: 1) age effect; 2) artery effect; and
3) interaction effect. For ANOVA analyses with one or more statistically
significant results, we calculated individual post-hoc differences between
treatments of a given vessel type using Duncan's multiple range test. For data
sets where homoscedasticity was not obtained, we performed single one-time
comparisons between corresponding newborn and adult arteries using a
Behren's Fisher analysis with pooled weighted variance. Unless otherwise
indicated, statistical significance implies p<0.05.
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RESULTS
From 29 newborn lambs, and 28 adult sheep, we used a total of 120 arterial
segments. When we ran the same protocol on multiple segments of the same
size from the same animal, we averaged the results into a single n value before
statistical analysis; all values of n refer to the numbers of animals used.
5-HT Dose-Response Relations and Receptor Type
The average sizes of the arteries used for serotonin dose-response studies
were 195± 2 p and 125± 5 p in the newborn second and fourth branch order
segments, respectively, and 198± 4 p and 121± 3 p in the adult second and
fourth branches, respectively. The transition from newborn to adult involved a
significant right shift in the serotonin dose response relationship, but only in the
second branch order segments (Figure 1). Similarly, the pD2 values (Figure 2)
were significantly greater in the newborn relative to the adult, but only in the
second branch order segments: pD2 values in the second branch order
segments averaged 6.95± 0.19 (n=20) in the newborn and 5.89 ± 0.33 (n=16) in
the adult. The corresponding values in the fourth branch order segments
averaged 6.56± 0.22 (n=20) in the newborn and 6.60 ±0.11 (n=16) in the adult.
When compared as a percentage of the maximum response to potassium
depolarization, there was a significant decrease in the maximum ability to
contract to serotonin with increasing age in both branch orders (Figure 3). In
the fourth branch order segments these ratios averaged 105.7 ± 6.7% in the
newborn and 63.3 ± 5.7% in the adult. In the second branch order segments the
corresponding ratios averaged 108.5 ± 6.7% in the newborn and 81.1 ± 8.8% in
the adult.
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Serotonin Hill values (Figure 2) were not significantly different in fourth
branch order segments in either the newborn (1.50 ± 0.32) or adult
(1.57 ± 0.14). Likewise, corresponding values in the second branch order
segments were also not significantly different in the newborn (1.51 ± 0.13) when
compared to the adult (1.50 ± 0.22). There was no difference in Hill values
when arteries were compared on the basis of branch order.
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Figure 1 The Dose Response Relation to Serotonin
The dose-response relation to serotonin was right-shifted in the adult, relative to the newborn, in the second
branch order segments. This difference was not observed in the fourth order segments. Vertical error bars
indicate standard errors, and the number of animals is indicated in parentheses.
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Figure 2 Hill and pD2 Values for the Dose Response Relation to Serotonin
In the second branch order middle cerebral artery segments, sensitivity to serotonin , as indicated by the
pD2 values, was significantly less (ANOVA, p<0.05) in the adult, relative to the newborn. There was no
corresponding difference observed in the fourth order segments. Hill coefficients of the 5-HT doseresponse relation did not change with increasing branch order or with age in any of the groups studied.
Vertical error bars indicate standard errors, and the number of animals in each group is given at the base of
each bar. The asterisk indicates a significant difference between corresponding newborn and adult
segments.
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Figure 3 The Serotonin/ Potassium Ratio
Maturation was associated with a significant decrease in the maximum contractile response to serotonin ,
when normalized relative to the maximum response to potassium depolarization (ANOVA, p<0.05). A single
asterisk indicates a significant difference between corresponding newborn and adult segments and a closed
circle indicates a significant difference between corresponding branch orders.

Ketanserin (10 nM), a selective 5-HT2 receptor antagonist, competitively
inhibited the responses to serotonin in all artery segments as indicated by a
parallel right shift in the dose response curve (Figure 4). Using equation 1 we
were able to determine that the antagonist dissociation constant (KB) for
ketanserin ranged from 8.90-8.98 in the four artery groups studied. However,
when we used ketanserin at a concentration of 1 pM we an insurmountable
antagonism was observed. The addition of 1pM propranolol, an antagonist at
the 5-HT1 a 5-HT1b and 5-HT1c recognition sites [Schoeffter and Erdemli, 1992]
had no significant effect on responses to serotonin. The relatively specific
5-HT1a agonist 8-OH-DPAT produced a contractile response which was
completely blocked by the addition of 100 nM ketanserin.
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Figure 4 The Effects of 10 nM Ketanserin on the Dose Response Relation to Serotonin.
Ketanserin, a selective 5-HT2 antagonist, competitively inhibited the response to serotonin in all segments.
Vertical error bars indicate standard errors, and the number of animals in each group is given in
parentheses. The data shown are expressed relative to the maximum contractile response in the control
arteries.

5-HT Affinity and Receptor Reserve
Serotonin affinity (Figure 5) decreased significantly as a result of maturation
in both artery branch orders. Affinity values in the fourth branch order
segments, expressed as -log Ka (pKa), were 6.79 ± 0.62, n = 6 in the newborn
and 5.00 ± 0.92, n = 8 in the adult. The corresponding values in the second
branch order segments were 6.54 ± 0.44, n = 8 in the newborn and 5.14 ± 0.30,
n = 7 in the adult.
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Figure 5 Affinity and Occupancy of 5-HT2 Receptors in SerotoninContracted Arteries
Affinity (pKa) was significantly (ANOVA, p<0.05) greater in the newborn than in the adult in both artery
branch orders. Receptor occupancy at the pD2 (RA/Rt) was greater in newborn fourth branch order
segments than in the corresponding adult segments. In second branch order segments, however, RA/Rt
values were significantly greater in adult, relative to newborn, segments. Vertical error bars indicate
standard errors, and the number of animals in each group is given at the base of each bar. An asterisk
indicates a significant difference between corresponding newborn and adult segments.

Receptor occupancy at the pD2 was significantly greater in the fourth
branch order segments of the newborn than in the adult as indicated by the
RA/Rt values at the pD2 which averaged 30.4 ± 12.5 (n = 6) in the newborn and
11.5 ± 7.7 (n = 8) in the adult (Figure 5). In contrast, the receptor occupancy in
the second branch order segments was greater in the adult than in the newborn
which averaged 37.8 ± 1.4 (n = 7) and 17.8 ± 5.7 (n = 8) respectively.
In the newborn, receptor occupancy at the pD2 increased with increasing
branch order and averaged 17.8 ± 5.7 (n = 8) in the second branch order
segments, and 30.4 ± 12.5 (n=6) in the fourth branch order segments. In the
adult, receptor occupancy at the pD2 decreased with increasing branch order
and averaged 37.8 ± 1.4 (n = 7) and 11.5 ± 7.7 (n = 8) in the second and fourth
branch order segments respectively.
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DISCUSSION
The present study offers four main observations. First, contractile
responses to 5-HT varied widely as a result of maturation and differences in
artery branch order and were mediated by the S-HTq receptor subtype.
Second, tissue sensitivity to serotonin (as reflected by changes in pD2 values)
did not vary with branch order, but varied significantly when compared by age
only in the second branch order middle cerebral artery segments. Third,
receptor occupancy at the pD2 decreased significantly with increasing branch
order in the adult, but not the newborn. When compared by branch order, the
receptor occupancy at the pD2 was significantly greater in the second branch
order segments of the adult and fourth branch order segments of the newborn.
Fourth, affinity for serotonin decreased significantly with maturation in both
artery sizes.
5-HT Dose-Response Relations and Receptor Type
As indicated in Figures 2 and 3, we observed significant variations in the
contractile responses to 5-HT. In all cases, responses to serotonin were
competitively blocked by ketanserin (10 nM) (pA2 8.90-8.98) and unaffected by
propranolol (1jnM). Additionally, the contractile response to 8-OH-DPAT was
blocked by 100 nM ketanserin indicating that these responses were mediated
exclusively by 5-HT2 serotonergic receptors.
Consistent with some [Hamel et al., 1988] [Elliott and Pearce, 1993], but not
all [Van Riper and Sevan, 1991] [Auer et al, 1985], previous studies, tissue
sensitivity to serotonin (as indicated in Figure 2) did not vary significantly with
branch order in either newborn or adult segments. Species variations in
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serotonergic responsiveness are the most probable explanation for this
difference, particularly in light of findings similar to ours using norepinephrine in
the baboon [Hayashi et al., 1984]. In contrast, tissue sensitivity to 5-HT
decreased significantly with age in the second branch order segments This
latter observation agrees with previous findings in both the cerebral [Wagerle et
al., 1990] and pulmonary [Dunn et al., 1989] circulations of the sheep. The
mechanisms responsible for these shifts, however, remain unclear.
Although the tissue sensitivity to serotonin did not vary with changes in
branch order, the maximum contractile response to serotonin, when expressed
as a percentage of the response to potassium (Figure 3), decreased as branch
order increased, but only in the adult. This observation is consistent with
previous findings in larger ovine cerebral arteries [Pearce et al., 1991], but
disagrees with similar studies in rabbit middle cerebral arteries [Van Riper and
Sevan, 1991]. Coincident with the age-related changes in tissue sensitivity to
serotonin, were significant decreases in the maximum contractile responses to
serotonin (Figure 3) in both branches. This observation is consistent with
previous findings in larger ovine cerebral arteries [Pearce et al., 1991] but
disagrees with similar studies involving norepinephrine in ovine pulmonary
arteries [Dunn et al., 1989]. Our present findings demonstrate that the pathway
coupling serotonin to the contractile response changes with age. These
changes could potentially involve any of numerous events including receptor
binding, second messenger metabolism, as well as changes in the contractile
apparatus itself.
The interpretation that cerebrovascular responses to serotonin change with
size and age is complicated by our finding that the Hill coefficients of the 5-HT
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dose-response relation did not change with increasing branch order or with age
in any of the groups studied (Figure 2). This implies that the range of serotonin
concentrations eliciting a significant contractile response is not different in the
newborn compared with the adult and is not different in the fourth versus
second branch order artery segments. Because the relation between serotonin
concentration and contractile response involves multiple biochemical steps,
these Hill coefficients simply reflect the slopes of the dose-response relations
and suggest that there are no changes in the gain or rate limiting step(s) of this
pathway.
Serotonin Binding Affinity and Receptor Occupancy
One of the key determinants of the relation between serotonin concentration
and contractile response is receptor affinity. In contrast to maximum response,
serotonin affinity did not change with artery branch order in either age group
(Figure 5). However, serotonin affinity decreased significantly with age in both
the second and fourth branch order segments. These results suggest that
changes in affinity play a key role in age-related changes in responsiveness to
serotonin. On the other hand when comparing newborns to adults, affinity
changed in both the second and fourth branch order segments, whereas the Hill
coefficients did not change in any of the segments and pD2 changed only in the
second branch order segments. This suggests that in addition to affinity, other
factors may play a role in age-related changes in serotonin responsiveness.
Aside from affinity, another key determinant of the relation between
serotonin concentration and contractile response is the density of functional
receptors. In the present experiments, we have estimated the percentage of
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these receptors bound to serotonin at the pD2 (RA/Rt) (Figure 5). In the
newborn, RA/Rt did not change significantly in relation to artery diameter,
although it decreased with increasing branch order in the adult. This suggests
that receptor reserve is decreasing as diameter increases in adult, but not
newborn, middle cerebral arteries. This change, in the absence of changes in
pD2 and affinity, suggests a possible decrease in the density of receptors as
diameter increases in the adult segments, although the exact relationship
between receptor occupancy and receptor density cannot be determined using
the present methods.
With maturation, RA/Rt decreased significantly in the fourth branch order
segments, along with affinity and maximum response. This suggests that in the
fourth branch order segments an increase in receptor density may be a major
determinant of the relation between serotonin concentration and contractile
response. In the second branch order segments, RA/Rt increased as was
expected with the earlier reported decreases in sensitivity and maximum
response, although affinity decreased. Again, as suggested above for sizerelated changes in receptor occupancy in the adult segments, these findings
suggest a possible decrease in receptor density or intrinsic efficacy with
maturation in the second branch order segments.
CONCLUSION
In conclusion, the present study demonstrates that in the sheep middle
cerebral artery, 5-HT2, but not 5-HT1, serotonergic receptors mediate
contractile responses to serotonin. In addition, tissue sensitivity to serotonin
can decrease significantly with maturation, but does not vary with branch order.
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The age-related changes in the second branch order segments were
associated with a corresponding decrease in affinity and maximum response.
Receptor occupancy at the pD2, however, rose significantly in the second
branch order segments. In contrast, receptor occupancy at the pDa decreased
significantly with age in the fourth branch order segments. Together, this
pattern of changes suggests that these age-related decreases in sensitivity and
maximum response are secondary to decreases in receptor affinity and density.
In the fourth branch order segments, maximum response, affinity, and
receptor occupancy at the pD2 all decreased with age without a change in
sensitivity. Thus, the decrease in affinity appears to have been offset by an
increase in either efficacy or receptor density. Interestingly, this change is
opposite to that predicted by our data for the larger segments. Overall, our data
demonstrate that maturation involves major changes in the serotonergic
neuroeffector system of ovine middle cerebral arteries. While changes in
receptor occupation and affinity appear to be involved, they cannot fully account
for all the differences. Thus, other mechanisms such as changes in receptor
density and/or intrinsic efficacy may also play a role. How these changes in
sensitivity and affinity are mediated remain unknown, and may reflect changes
in membrane fluidity, receptor up/down-regulation, and changes in the
contractile apparatus itself. Regardless of the exact mechanisms mediating the
observed changes, the present studies strongly suggest that the differences in
contractility of sheep middle cerebral arteries, which vary by age and branch
order, involve changes in affinity, occupancy, sensitivity, maximum response
and gain.
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CHAPTER FOUR

Maturation Enhances the Sensitivity of Ovine Cerebral Arteries to the ATPSensitive Potassium Channel Activator, Lemakalim3
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ABSTRACT
A wide variety of previous studies have demonstrated that arterial reactivity
and contractility change dramatically during maturation. In light of recent
findings that binding sites for glibenclamide, a ligand for ATP-sensitive
potassium (Katp) channels, become more abundant with age in many tissues,
the present studies examine the hypothesis that maturational changes in
vascular reactivity involve changes in arterial electrophysiological
characteristics. To test this hypothesis, we determined the dose-response
relation to lemakalim, a selective activator of Katp channels, in isolated
endothelium-denuded segments of the second (2B: i.d.~ 200 p,) and fourth
(4B: i.d.~125 p) branches of middle cerebral arteries taken from newborn
(3-7 days old) and adult sheep. At 100 jiM, lemakalim completely relaxed
serotonin-induced tone in all arteries. However, pD2 (-log ED50) values were
29 to 43 times greater in adult (2B: 7.15±0.38; 4B: 6.61 ±0.42) than in newborn
(2B: 5.52±0.25; 4B: 5.15±0.24) segments. Correspondingly, Hill values were
significantly smaller in adults (2B: 0.47±0.17;4B: 0.71±0.30) than in newborns
(2B: 1.40±0.35; 4B: 3.30±0.92). These findings demonstrate that Katp channels
are less sensitive to activation in newborn than in adult cerebral arteries. Given
the important influence of Katp channels on vascular tone, and their possible
role in many cardiovascular responses, the present data suggest that
maturational increases in the activity of Katp channels contribute significantly to
age-related changes in cerebrovascular contractility.
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ABBREVIATIONS
2B: second branch of the middle cerebral artery; 4B: fourth branch of the middle
cerebral artery; ADR: adenosine triphosphate; ANOVA: analysis of variance;
ATP: adenosine triphosphate; ED50: the concentration of a drug which
produces half its maximal response; i.d: inside diameter; Katp channels:
adenosine-triphosphate sensitive potassium channels; pD2: negative log of the
concentration of a drug which produces half its maximal response; SE: standard
error
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INTRODUCTION
The transition from newborn to adult produces major changes in the
contractile characteristics of most arteries. Newborn cerebral arteries, for
example, generally have thinner walls, produce less total force, and have
different sensitivities to receptor agonists than their adult counterparts (1).
Aside from speculated differences in receptor densities or contractile protein
content, the mechanistic bases for these age-related differences in vascular
reactivity remain unknown.
One possible explanation of such differences is that vascular
electrophysiological characteristics change with age. As shown in many
studies, vascular contractility is tightly coupled to membrane potential, which in
turn is dominated by membrane permeability to potassium such that changes in
outward potassium current dramatically affect contractile responses to all
receptor agonists (2). In adult arteries, one of the main channels carrying
outward potassium current is the ATP-sensitive potassium channel (Katp) (3).
Activation of these channels by either decreases in ATP (4) or increases in
ADP (5), hyperpolarizes the membrane, reduces voltage-sensitive calcium
channel activity, and reduces the cytosolic calcium concentration available to
support contraction (6). As shown by studies of 42K+ efflux (7) and direct
electrophysiological measurements (8), these channels can be selectively
activated by cromakalim, a benzpyran, and blocked by glibenclamide, a
sulfonylurea.
Ligand-binding studies using derivatives of both glibenclamide and
cromakalim indicate that Katp channels are ubiquitously but heterogeneously
distributed among all types of electricallay excitable tissues (9). From the few
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studies which have examined such binding in neonatal tissues, it appears that
the density of these channels is very low at birth and increases with maturation
(10). Functional studies of these channels in neonatal tissues, thus far limited to
heart and lung tissues (11), also suggest the presence of these channels, but
comparisons with corresponding adult tissues have yet to be made. Thus, the
present studies are the first to examine Katp channel function, as reflected by
the dose-response relation for lemakalim, the maximally active stereoisomer of
cromakalim, in corresponding newborn and adult arteries. Owing to the high
incidence of cerebrovascular complications in neonates (12), resistance
arteries from the cerebral circulation were examined.
METHODS
All procedures and protocols were approved by the Animal Research
Committee of Loma Linda University and followed all guidelines put forth in the
NIH Guide for the Care and Use of Laboratory Animals. We obtained segments
of the second and fourth branches of middle cerebral arteries from newborn
lambs (5-7 days old) and non-pregnant adult sheep (18-24 months of age),
removed external adipose and connective tissue, removed the endothelium by
passing a small diameter wire through the lumen of the vessel a number of
times, then cut the arteries into ring segments 1 mm long. We selected
segments approximately 200|j, in internal diameter (i.d.) from the second branch
(2B), and approximately 130p i.d. from the fourth branch (4B), of the middle
cerebral artery and mounted them on 24|i diameter tungsten wires between a
low compliance transducer (Kulite BG-10) and a micrometer used to vary
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baseline stretch. We obtained micrometer readings, and thereby diameter
measurements, for each arterial segment under unstressed conditions
(at *7 mg tension). Inside vessel diameter was calculated as twice the distance
between the two wires divided by pi. The artery segments were then stretched
to optimal lengths of 2.2 (newborn 2B), 2.7 (newborn 4B), 2.9 (adult 2B), and
3.3 (adult 4B) times unstressed diameter, as previously described (13).
Prior to protocol initiation, we equilibrated the arteries at 38.5 °C for at least
30 minutes in a bath continuously bubbled with 95% 02-5% CO2 and
superfused with bicarbonate Krebs containing (in mM): 122 NaCI,
5.56 dextrose, 25.6 NaHCOs, 5.17 KCI, 2.49 MgS04, 1.60 CaCl2,
0.114 ascorbic acid, and 0.027 disodium EDTA. During all experiments the
contractile tensions were continuously digitized, normalized and recorded by an
on-line computer. Following initial equilibration, we determined endothelial
integrity by exposing arteries contracted with 1 p,M serotonin to either 1 pM
acetylcholine or 10 pM ADR. We discarded arteries that relaxed more than 10%
in response to either of these agents.
Dose Response Protocol
Preliminary cumulative dose-response experiments with lemakalim
indicated that prolonged exposure leads to tachyphylaxis and loss of the doseresponse relation. Thus, in these dose response experiments we repeatedly
contracted the arteries, then exposed them to a single concentration of
lemakalim after each contraction. Following equilibration of the artery segments
at baseline tension, we first contracted them with an isotonic Krebs solution
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containing 120 mM potassium and then returned them to resting conditions.
Approximately fifteen minutes later, we contracted the arteries with
1 pM serotonin. When the contraction stabilized, we added 0.01 nM lemakalim
and recorded the ensuing response. Thereafter the segments were rested and
washed in normal sodium Krebs for 15 minutes, then contracted again with
1 pM serotonin. Lemakalim was again added, but this time at 0.10 nM. Using
this wash-contraction-relaxation cycle, we obtained relaxation responses to
lemakalim over the concentration range of 10-11 to 10-3 M. Following this series
of measurements, the arteries were again washed in normal Krebs for 30 min,
and then contracted again with 120 mM potassium Krebs to verify that the
segments had not fatigued. Next, the segments were washed again in normal
sodium Krebs, then exposed for 30 min to 30 pM glibenclamide. Following
glibenclamide incubation, the arteries were contracted with 1 pM serotonin and
then exposed to 1 pM lemakalim.
Statistics and Calculations
We calculated and expressed relaxant responses as the percent relaxation
of the maximum initial tone attained just prior to the addition of lemakalim. The
maximum percent relaxation, pDa (- log ED50), and Hill coefficient (related to
slope) for each dose-response relation were determined by fitting the doseresponse data with the logistic equation using computerized non-linear
regression. For all variables, we verified homogeneity of variance using
Bartlett's test. For maximum percent relaxation, pD2, and Hill coefficient, we
employed 2-way analyses of variance (ANOVA) with maturational age
(newborn or adult) and artery size (second or fourth branch) as the factors. We
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evaluated the effects of repeated contraction with serotonin and potassium
using a repeated measured ANOVA. Individual post-hoc differences between
groups were analyzed using Duncan's multiple range test. Unless otherwise
indicated, statistical significance implies p<0.05.
RESULTS
All values are given as the mean ± the SE. Eight newborns and eight
adults provided a total of 64 artery segments. Newborn diameters averaged
199±4 and 125±4 p in the 2B and 4B segments, respectively. Corresponding
adult values were 193± 4 and 123 ± 5 p. Artery diameters did not vary
significantly between newborns and adults in either branch order.
To verify that repeated contractions and relaxations did not impair
contractility, we compared the magnitudes of the first and last contractions to
potassium in each artery group. The first and last contractions did not vary
significantly in any group and agreed within an overall average difference of
<8%. The average responses to potassium in the newborn were 460±73 mg
and 424±59 mg in 2B and 4B segments, respectively. Corresponding adult
values were significantly greater and averaged 681 ±95 mg and 634 ±111 mg.
Similarly, we analyzed the magnitudes of the repeated responses to serotonin
and found that these responses did not vary significantly over time in any group.
Average newborn responses to serotonin were 347±62 mg and 337±32 mg in
2B and 4B segments, respectively. Corresponding adult values were not
significantly different and averaged 413±86 mg and 405±31 mg.
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Dose response experiments
Maximal concentrations of lemakalim completely relaxed serotonin-induced
tone in all groups (Figure 1). The percent relaxation observed at 100 pM
lemakalim in the newborn averaged 97+1% and 98±1% in the 2B and 4B
segments, respectively. Corresponding adult values were 96±3% and 92±4%.
In contrast, the pD2 values for lemakalim changed dramatically with maturation
(Figure 1). Newborn pDa values averaged 5.52±0.25 (2B) and 5.1510.24 (4B).
Corresponding adult pD2 values were significantly greater and averaged
7.1510.38 and 6.6110.42. The pD2 values did not vary significantly between 2B
and 4B segments in either age group.
Coincident with the age-related changes in pD2 were marked changes in
the Hill coefficient. As calculated in the present study, the Hill coefficients
quantify the slope of the relation between input (drug concentration) and output
(relaxation response) and may be taken as a simple index of dose-response
"gain." Newborn Hill coefficients averaged 1.4010.35 (2B) and 3.3010.92 (4B).
Corresponding adult Hill values were significantly smaller and averaged
0.4710.17 and 0.7110.30. In neither age group did Hill values vary significantly
between 2B and 4B segments.
In all groups, 30
induced by 1

jiM

jiM

glibenclamide blocked the relaxation responses

lemakalim. In the presence of 30 fiM glibenclamide,

lemakalim produced relaxations averaging only 2.212.7% and 0.612.9%,
respectively, in the newborn 2B and 4B segments. Corresponding adult values
were 4.114.3% and 9.812.2%.
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Figure 1. Effects of Maturation on Lemakalim Dose-Response Relations
Dose-response data for lemakalim, expressed as percent relaxation of initial contractile tone induced by 1
(iM serotonin, is shown in the upper panels. Maturation was associated with a substantial left-shift in the
lemakalim dose-response relation for both second branch (upper left panel) and fourth branch (upper right
panel) segments taken from newborn and adult sheep. These data were fitted with the logistic equation to
determine values for pD2 (- log ED50), Hill coefficient, and maximum percent relaxation. For all artery
groups, the maximum percent relaxation was close to 100%. Averages values of pD2 and the Hill coefficient
are shown in the lower panels. For all panels, error bars indicate SE for the numbers of animals indicated in
parentheses and asterisks indicate statistically significant differences at the P<0.05 level. Maturation was
associated with a marked elevation in the pD2 and a depression of the Hill coefficient in both artery sizes.
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DISCUSSION
ATP-sensitive potassium channels have now been demonstrated in most
excitable tissues, including the cerebral arteries of many laboratory animal
species (14). In these studies, activation of Katp channels has consistently
produced hyperpolarization and vasodilatation. The cellular mechanisms
mediating these responses do not appear to involve either cyclic nucleotides
(15) or pertussis toxin sensitive G-proteins (16). Functional studies further
suggest that Katp channels may help govern resting membrane potential and
basal tone in pulmonary arteries of the adult (17) but not the newborn (11).
Other studies of adult animals indicate that Katp channels may also play a role
in the acute vasodilatation associated with reactive hyperemia (18), septic
shock (19), hypoxia (20), and blood flow autoregulation (21). Evidence that
these channels may be involved in long-term adaptations to conditions such as
diabetes (22) has also recently been obtained.
The broad range of physiological responses in which Katp channels may
participate has motivated recent efforts to find endogenous activators of these
channels. Several candidates have thus far been identified in adult tissues, the
most important of which appears to be endothelium-derived hyperpolarizing
factor which activates Katp channels in some vascular beds (23) and other
types of potassium channels in others (24). The vasodilator peptide calcitonin
gene-related peptide also appears to activate Katp channels in some (2) but not
all (25) arteries. Responses to a growing variety of other compounds have also
been suggested to involve activation of Katp channels including arachidonic
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acid (26), epoxyeicosatrienoic acids (27), adenosine (28), endothelin (29), and
superoxide (30).
Although Katp channels are ubiquitously distributed and may play a role in
a broad variety of responses, the sensitivity of these channels to cromakalim in
adult tissues appears to be quite uniform. Across eight recent studies which
together determined the dose-response relation for cromakalim in adult arteries
from five different vascular beds in four different species (31; 7; 32; 33; 14; 34;
35; 36), pDa values (-log ED50) were remarkably uniform and averaged
6.73±0.13. This value agrees well with the adult pDa values of 6.61 ±0.42 (2B)
and 7.15±0.38 (4B) obtained in the present study. Also consistent with previous
findings is our observation that maximal concentrations of lemakalim produced
complete relaxation in all artery types.
In contrast to results obtained in adult arteries, our determinations of the
lemakalim pDa values in newborn arteries were markedly lower and averaged
5.52±0.25 (2B) and 5.15±0.24 (4B) (Figure 1). Because receptor sensitivity is
determined by both receptor number and affinity, the low newborn pDa values
we obtained may be explained by a reduced density of Katp channels given
previous findings that glibenclamide binding sites are more sparse in newborn
than adult tissues (10). Consistent with this interpretation are the significant
age-related decreases in Hill coefficient we observed. Although the Hill
coefficient data cannot rule out age-related increases in the affinity of these
channels for lemakalim, the Hill data are more compatible with maturational
decreases in affinity. Full appreciation of the exact reasons why pD2 values for
lemakalim were depressed in the newborn arteries must await future parallel
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determinations of Katp channel density and affinity for lemakalim in both
newborns and adults.
From a functional perspective, the present data suggest that KATP channels
are less sensitive to physiological activation in newborn than in adult cerebral
arteries. If so, these findings suggest that basic electrophysiological differences
may underlie many age-related differences in cardiovascular responses.
Because the present data were obtained from arteries less than 200 p in
diameter, our findings further suggest that these age-related differences in
electrophysiological characteristics reside in the small resistance arteries where
most vascular regulation occurs. If KATP channels are indeed less abundant in
newborn than adult arteries, then other potassium channels, such as the large
conductance calcium-activated channel (37), may regulate the outward current
normally carried by KATP channels in adult arteries, and therefore may also
function differently with age. Clearly, the finding that KATP channels are less
sensitive to activation in newborn than in adult arteries has many functional
implications. Fortunately, a growing diversity of pharmacological tools is
simplifying the study of these channels (38) and should in the near future help
elucidate the diverse and important roles these channels play in functional
cardiovascular maturation.
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ABSTRACT
UTR-contracted segments of second (2B) and fourth (4B) branch order
middle cerebral artery segments from 18 newborn (N) and 17 adult (A) sheep
relaxed 48.9%(N-2B), 32.9%(N-4B), 28.7% (A-2B) and 32.2%(A-4B) in
response to 5 minutes of acute hypoxia (Pc^ 2 Torr). Pre-treatment with 1 pM
glyburide and/or potassium depolarization allowed us to identify three
components of the responses to hypoxia: 1) a glyburide and depolarizationsensitive relaxation component; 2) a glyburide-resistant, depolarizationsensitive relaxation component; and 3) a depolarization and glyburide-resistant
contractile component. The respective magnitudes of these 3 components
averaged -55.4±9.0%, -102.9 ± 22.8%, +76.8 ± 18.2% in N-2B, -69.9 ± 9.6%,
-128.0 ± 18.2%, +97.2 ± 12.7% in N-4B, -47.2 ± 12.5%, -138.0 ± 25.8%,
+85.9 ± 30.7% in A-2B, and -26.7 ±6.6%, -151.7 ± 39.6%, +152.1± 36.2% in
A-4B segments. We conclude: 1) the role of glyburide-sensitive channels in
hypoxic relaxation of small cerebral arteries is more important in newborns than
in adults; 2) a glyburide-resistant but depolarization-sensitive relaxant
component is of greater magnitude than the glyburide sensitive component and
plays a greater role in adults than in newborns; and 3) hypoxia can elicit a
potent contractile response to hypoxia which is of greater magnitude in adults
than newborns.
ADDITIONAL INDEX TERMS
Cerebrovascular Circulation, Glibenclamide, Hypoxia, Lemakalim,
Microcirculation, Ovine, ATP-Sensitive Potassium Channels, Vascular Smooth
Muscle.
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INTRODUCTION
Asphyxic, hypoxic, and ischemic insults precipitate small vessel rupture and
intracranial hemorrhage much more frequently in neonates than adults [9, 31].
Although these findings are often cited as evidence that small cerebral arteries
of the newborn are in some way more vulnerable to hypoxic damage, relatively
little is known of the effects of maturation on the responses of these arteries to
hypoxia. Most studies of hypoxia, to date, have focused on effects only in larger
arteries and suggest that the patterns of hypoxic relaxation vary considerably
between arteries of differing age and location [14, 26, 24]. The present studies
were conducted to extend these observations into the immature cerebral
microcirculation.
Mechanisms proposed to mediate responses to hypoxia include the release
of vasodilator metabolites, such as adenosine, from the brain parenchyma [22]
and the release of vasoactive substances from the vascular endothelium [33,
18]. In addition, studies of isolated vessels have shown that hypoxia can act
directly on vascular smooth muscle [30, 25]. Although the exact mechanisms
which mediate the direct vascular effects of hypoxia are not well understood,
hypoxia can both increase and decrease vascular tone. For example, hypoxia
has been reported to increase vascular tone in canine basilar arteries and
ovine pulmonary artery smooth muscle cells via an increase in calcium channel
conductance [18, 6]. Conversely, when vascular smooth muscle cells in culture
were exposed to physiologically relevant reductions in Po2, their contractile
activity was decreased by increases in both the frequency and duration of
potassium channel openings [3]. This vasorelaxation has thus been attributed
to hyperpolarization of the cell membrane which reduces the open probability of

75
voltage dependent calcium channels, thereby reducing the influx of calcium
available to support contraction [7, 26].
Consistent with the idea that hypoxic and ischemic vasodilatation may
involve the opening of potassium channels and hyperpolarization, activators of
ATP-sensitive potassium channels (Katp) cause vasodilatation in normoxic
arteries, in vitro, thus demonstrating their presence in both cerebral [28] and
non-cerebral [7, 21] arteries. Furthermore, the anti diabetic sulfonylurea
glyburide, a selective inhibitor of the Katp channel, has been shown to
attenuate the relaxations produced by both the activators of these channels
[28, 7, 21] and by hypoxia [7, 3]. On the basis of these observations, and data
from preliminary studies in our laboratory [27], we hypothesized that Katp
channel activation plays a major role in the response to hypoxia in the cerebral
circulation. We further proposed that the vulnerability of the neonatal cerebral
circulation to post-hypoxic damage may involve age-related differences in the
effects of hypoxia on Katp channel activation.
The present studies were conducted to explore the role of Katp channel
activation in small cerebral artery responses to hypoxia. Owing to the extensive
use of the sheep in maturational studies, the experiments were conducted using
newborn and adult ovine cerebral arteries. Because arteries of different branch
order appear to mature at different rates [12, 28], the studies examined both
second and fourth branch order segments of the middle cerebral artery.
METHODS
We obtained segments of the second and fourth branches of the middle
cerebral artery from newborn lambs (5-7 days old) and non-pregnant adult
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sheep (18-24 months of age). After the initial dissection and removal of excess
adipose and connective tissue, we cut the vessels into individual ring segments
approximately 1-1.5 mm long. We selected segments approximately 200 p in
internal diameter from the second branch of the middle cerebral, and segments
approximately 130 p from the fourth branch. We mounted the selected
segments on paired tungsten wires, 24|i in diameter, between a low compliance
transducer (Kulite BG-10) and a post fixed to a micrometer that we used to vary
passive tension. We obtained micrometer readings, and thereby diameter
measurements, for each arterial segment under unstressed conditions
(at ~7 mg tension). Inside vessel diameter was calculated as twice the distance
between the two wires divided by pi. We used these measurements to stretch
the arterial segments to their individual optimum diameters, as previously
described [12]. To avoid any possible endothelium mediated effects, we then
removed the endothelium by rotating each arterial ring around the mounting
wires several times to gently scrape the entire luminal surface of each segment.
In preliminary studies, this technique had no significant effect on contractile
responses to potassium or norepinephrine [12].
We equilibrated the arteries at normal ovine core temperature, 38.5 °C, for
at least 30 minutes in a bath that was superfused with a bicarbonate Krebs
solution containing 122 mM NaCI, 5.56 mM dextrose, 25.6 mM NaHCOs,
5.17 mM KCI, 2.49 mM MgS04, 1.60 mM CaCl2, 0.114 mM ascorbic acid, and
0.027 mM disodium EDTA, and continuously bubbled with 95% 02-5% C02During all contractility experiments the contractile tensions were continuously
digitized and recorded using an on-line computer. At the conclusion of each
experiment, we determined endothelial integrity by contracting the arteries with
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norepinephrine, and then exposing them to either 1 pM acetylcholine or 10 pM
ADR. We discarded arteries that relaxed more than 10% in response to either
of these agents.
Determination of the Rate and Magnitude of Hypoxic Relaxation
in UTP and Potassium Contracted Arteries
We mounted vessel segments as described above and equilibrated them at
optimum diameter for 30 minutes in covered isolated tissue baths. We then
contracted the artery segments by exposing them to an isotonic potassium
Krebs solution containing 122 mM potassium with a corresponding reduction in
sodium concentration to maintain isotonicity. Once peak tensions were attained
we washed the vessels with normal sodium Krebs solution and allowed them to
return to baseline levels of tension for approximately 30 minutes. Next, we
contracted the artery segments again with either 100 pM UTP or 122 mM
potassium Krebs and allowed them to reach stable contractile tone for
approximately 30 seconds. We then initiated hypoxia by bubbling the tissue
bath and filling the enclosed chamber with 95% N2, 5% CO2. Bath oxygen
tensions were measured and recorded continuously with Clark style
polarographic electrode and amplifier (Microsensor II, Diamond General, Ann
Arbor, Ml). Following administration of the hypoxic gas for up to 10 minutes, the
arteries were washed with normal normoxic sodium Krebs solution and allowed
to equilibrate for at least 30 minutes. We then exposed the arteries to 1pM
glibenclamide (glyburide) and repeated the contraction/hypoxia protocol
described above. Corresponding normoxic experiments were also carried out
in matched segments from the same animal to enable identification of, and
correction for, the effects of fatigue.
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To correct for fatigue, contractile time courses in the hypoxic segments were
normalized relative to the corresponding normoxic time courses, as previously
described [25]. The resulting normalized time course data were then used to
calculate rates of relaxation by fitting the data to the equation:
y = Ae'k* +B
where y is the percent maximum normalized tension remaining at time t, A is the
magnitude of relaxation, k is the exponential rate constant of relaxation and B is
the percent initial tension remaining at steady state. Magnitudes of relaxation
were defined as the percent relaxation observed after 5 minutes of hypoxia.
Data Analysis and Statistics
All values were calculated as the mean ± the standard error of the mean. In
all cases, n refers to the number of animals used in a given experimental group.
All curve fitting routines were performed using computerized non-linear
regression (Wavemetrics, IGOR 1.26). The magnitude of the component of the
response to hypoxia sensitive to glyburide was calculated as the difference
between control and glyburide treated artery responses to hypoxia in UTR
contracted arteries. The magnitude of the component of the response to
hypoxia resistant to both glyburide and potassium depolarization was assumed
equivalent to the magnitude of the response to hypoxia in potassium contracted
arteries pre-treated with glyburide. The magnitude of the component of the
response to hypoxia resistant to glyburide but sensitive to potassium
depolarization was calculated as the difference between glyburide treated
artery responses to hypoxia in UTR and potassium contracted arteries.
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For all data sets, the homogeneity of variance assumption
(homoscedasticity) was verified using Bartlett's test. We employed either 1-way
or 2-way analyses of variance (ANOVA) with maturational age (newborn or
adult) as one factor and artery type (fourth branch or second branch) as the
other. From each ANOVA, there were up to 3 statistical results: 1) age effect;
2) artery effect; and 3) interaction effect. For ANOVA analyses with one or more
statistically significant results, we calculated individual post-hoc differences
between treatments of a given vessel type using Duncan's multiple range test.
Unless otherwise indicated, statistical significance implies p<0.05.
RESULTS
From 18 newborn lambs and 17 adult sheep, we used a total of 112 arterial
segments. When we ran the same protocol on multiple segments of the same
size from the same animal, we averaged the results into a single n value before
statistical analysis; all values of n refer to the numbers of animals used.
Oxygen Tension Time Course
The average time course of bath oxygen tension following administration of
the hypoxic gas is shown in Figure 1. As indicated in this figure, this time
course was highly reproducible and reached an average oxygen tension of
2.72 ± 0.41 torr within 2 minutes, and fell to a minimum level of 0.95 ± 0.24 by
the end of the five minute protocol. The exponential rate of fall of oxygen
tension averaged 19.3 ± 1.2 min-1.
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Figure 1 The Time Course of Hypoxic Relaxation
Oxygen tensions were measured continuously by polarography in all hypoxia experiments and reproducibly
decreased rapidly with a rate constant of 19.3 ± 1.2 min"1 (n=33). After two minutes, bath oxygen tension
routinely fell to 2.72 ± 0.41 jorr and reached a minimum level of 0.95 ± 0.24 by the end of the five minute
protocol. Error bars are not visible because in all cases they are smaller than the size of the symbols.

Rates and Magnitudes of Hypoxic Relaxation in DTP Contracted
Arteries
The average diameters of the arteries used for the UTP experiments
averaged 196 ± 6

jli

(n=8) and 115 ± 4 p (n=8) in the newborn second and

fourth branches, respectively. Corresponding values in the adult averaged
194 ± 4 p (n=7) and 116 ± 3 p (n=6) in second and fourth branches,
respectively. Newborn and adult diameters were not significantly different in
either branch order.
Hypoxic relaxation in the second branch order segments was greater in
newborn than adult arteries and averaged 48.9 ± 6.6% (n=8) and
28.7 ± 6.6% (n=7), respectively (Figures 2 and 5). Corresponding values in the
fourth branch order segments did not vary significantly with age and averaged
32.9 ± 3.0% (n=8) and 32.2 ± 6.8% (n=6), respectively. When compared on the
basis of artery branch order, the magnitudes of hypoxic relaxation were
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significantly greater in second than fourth branch order segments of the
newborn, but did not vary significantly in the adult.
The rates of hypoxic relaxation in newborns were significantly faster in
second than fourth branch order segments and averaged 1.17 ± 0.06 min-1 and
.59 ± .03 min-1, respectively (Figures 2 and 4). Corresponding adult values did
not vary significantly with artery size and averaged 0.59 ± .05 min-1 and
0.64 ±.03 min_i in second and fourth branch order segments. When compared
by age, rates of hypoxic relaxation were significantly slower in adults than in
newborns in second order branch segments, but were not significantly different
in the fourth branch order segments.
Pre-treatment with 1 pM glyburide significantly decreased, and in most
cases completely abolished, hypoxic relaxation in all artery segments.
Treatment with the solvent vehicle for glyburide (0.01% DMSO in saline) had no
significant effect. Under normoxic conditions, five of the newborn arteries, but
none of the adult arteries, contracted in response to the addition glyburide.
Following glyburide pre-treatment in newborn arteries, hypoxia no longer
relaxed the arteries and instead produced contractions averaging 26.1 ± 3.6%
and 25.6 ± 6.6% in second and fourth branch order segments, respectively
(Figures 2 and 5). In adult arteries glyburide pre-treatment significantly
attenuated hypoxic relaxation in both artery sizes and transiently contracted the
fourth branch order segments. After 5 minutes of acute hypoxia in glyburide
pre-treated adult segments, the magnitudes of relaxation averaged only
1.7 ± 6.2% and 0.8 ± 9.0% in second and fourth branch orders, respectively.
When the magnitudes of the responses to hypoxia after pre-treatment with
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1 jj,M glyburide were compared between second and fourth branch order
segments, no significant differences were observed in either the newborn or the
adult. However, responses to hypoxia after glyburide were significantly different
in newborns and adults, for both second and fourth branch order arteries.
Responses to Hypoxia in Potassium Contracted Arteries
The average diameters of the arteries used for the potassium section were
205± 5 p (n=6) and 124± 5 p (n=6) in the newborn second and fourth branches,
respectively, and 205+ 4 p (n=8) and 121± 3 p (n=8) in the adult second and
fourth branches, respectively. Newborn and adult diameters were not
significantly different in either branch order.
In arteries contracted by depolarization with an isotonic potassium Krebs
solution, hypoxia significantly contracted all arteries (Figures 3 and 5). When
the magnitudes of these contractions were compared on the basis of artery
branch order, contractile tone was significantly less in second than fourth
branch order segments of the newborn and averaged 80.6 ± 8.3% (n=6) and
105.1 ± 9.0% (n=6) above normoxic control, respectively. Similarly, contractile
tone during hypoxia in adult arteries was significantly less in second than fourth
branch order segments and averaged 98.8 ± 7.9% (n=8) and
121.3 ± 11.0 % (n=8) above normoxic control. When compared by age,
hypoxia-induced contractile tone was significantly greater in adult than in
newborn arteries for both second and fourth branch order segments.
Pre-treatment with 1 pM glyburide had no significant effect on the contractile
responses to hypoxia in newborn arteries of either size; these values averaged
75.8 ± 6.9% (n=6) and 93.5 ± 4.8% above normoxic control, in second and
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fourth order branch segments, respectively (Figures 3 and 5). Similarly,
glyburide had no effect on hypoxia-induced tone in second branch adult
arteries, which averaged 84.6 ±12.3 % (n=8) above normoxic control. However,
in adult fourth branch order segments, glyburide slightly enhanced the
contractile responses to hypoxia. After glyburide, hypoxia-induced contractions
averaged 151.4 ± 13.5% (n=8) above normoxic control in adult fourth branch
order segments.
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Figure 2 Effects of Acute Hypoxia in Agonist Contracted Arteries
Shown here are the time courses of the responses to hypoxia in arteries contracted with 100 jiM UTP. All
control arteries relaxed significantly to hypoxia. The addition of IpM glyburide, a specific KatP channel
inhibitor, significantly attenuated relaxation in the adult and precipitated a contractile response to hypoxia in
the newborns. A transient hypoxic contraction was also noted in the fourth, but not second, branch order
segments of the adults. Comparisons in the magnitudes of these responses at five minutes by artery
branch order, age and treatment are shown in Figure 5. Vertical error bars indicate standard errors, and the
number of animals in each group are shown in parentheses within each quadrant.
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Figure 3 Effects of Acute Hypoxia in Potassium Depolarized Arteries
Shown here are the time courses of the responses to hypoxia in arteries pre-contracted with an isotonic
potassium Krebs solution containing 122 mM K+. All arteries contracted dramatically when exposed to
hypoxia. The addition of IpM glyburide generally had no effect on magnitudes of these contractions.
Comparisons of the magnitudes of these responses at five minutes by artery branch order, age and
treatment are shown in Figure 5. Vertical error bars indicate standard errors, and the number of animals in
each group are shown in parentheses within each quadrant.
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Figure 4 Rates of Hypoxic Relaxation in UTP Contracted Arteries
Rates of relaxation were significantly greater in newborn second than fourth branch order segments. In
second branch order segments, the transition from newborn to adult was associated with a decrease in the
rate of hypoxic relaxation. No other significant differences were observed. Vertical error bars indicate
standard errors, and the number of animals in each group is shown at the base of each bar. Asterisks
indicate a significant difference between corresponding newborn and adult segments. Closed circles
indicate a significant difference between corresponding segments of different branch order.
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Figure 5 Magnitudes of Responses to Five Minutes of Acute Hypoxia
All UTP pre-contracted arteries without glyburide relaxed significantly to hypoxia (upper panels). Glyburide
pre-treatment prevented hypoxic relaxation in adult segments and precipitated hypoxic contractions in the
newborn segments. In all potassium pre-contracted arteries, hypoxia induced a further contraction which
was generally resistant to glyburide (lower panels). Asterisks indicate significant differences between
corresponding newborn and adult segments. Closed circles indicate significant differences between
corresponding segments of different branch order. Daggers indicate significant differences due to glyburide
pre-treatment. Error bars indicate standard error for the number of animals indicated in the boxes.

Estimates of the relative contributions of the components of
response to hypoxia
The calculated estimates of the glyburide sensitive component of the
response to hypoxia averaged 55.4±9.0 and 69.9 ± 9.6 percent relaxation in
second and fourth branch order segments of the newborns, respectively. The
corresponding adult values averaged 47.2 ± 12.5 and 26.7 ±6.6 percent
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relaxation, respectively. The magnitudes of this component did not vary
significantly with branch order in either age group, or with age in the second
branch order segments. In the fourth branch order segments, however, adult
values were significantly less than observed in the newborn segments
(Figure 6).
Estimates of the glyburide resistant component of the response to hypoxia
averaged 102.9 ± 22.8 and 128.0 ± 18.2 percent relaxation in second and
fourth branch order segments of the newborns, respectively. The
corresponding adult values averaged 138.0 ± 25.8 and 151.7 ± 39.6 percent
relaxation, respectively. None of these values varied significantly with either
age or artery branch order. However, in each artery type, the magnitude of the
glyburide resistant component of the response to hypoxia was significantly
greater than the magnitude of the glyburide sensitive component.
Estimates of the component of the response to hypoxia resistant to both
glyburide and potassium depolarization averaged 76.8 ± 18.2 and 97.2 ± 12.7
percent contraction in second and fourth branch order segments of the
newborns, respectively. Corresponding adult values averaged 85.9 ± 30.7 and
152.1± 36.2 percent contraction, respectively. The magnitudes of this
component did not vary significantly with branch order in either age group, or
with age in the second branch order segments. In the fourth branch order
segments, however, adult values were significantly greater than observed in the
newborn segments
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Figure 6 Magnitudes of the Components of the Responses to Hypoxia
The combined results of this study indicated the participation of three main components in the response to
hypoxia: 1) a glyburide sensitive component whose magnitude was calculated as the difference in
responses to hypoxia in control and glyburide pre-treated segments pre-contracted with UTP; 2) a glyburide
resistant but depolarization sensitive component whose magnitude was calculated as the difference
between glyburide treated artery responses to hypoxia in UTP and potassium contracted arteries; and 3) a
depolarization and glyburide resistant contractile component, whose magnitude was taken as the response
to hypoxia in glyburide pre-treated potassium contracted segments. The average values for each of these
components are given above for each artery group. The vertical error bars indicate standard errors for the
numbers of animals indicated in Figure 5, and asterisks indicate significant differences between
corresponding newborn and adult segments.

DISCUSSION
Since the early studies of hypoxic relaxation of isolated vascular smooth muscle
by Detar and Bohr [10], hypoxic relaxation of isolated vascular smooth muscle
has been studied in a wide variety of arteries and preparations. The majority of
these studies, however, have examined relatively large conduit arteries such as

89
the aorta and common carotid arteries. One reason for this preferential
selection of large arteries is that studies of hypoxic relaxation in smaller arteries
are more technically challenging, particularly in regards to attaining and
maintaining low bath oxygen tensions in the types of apparatus used to study
contractile responses in arteries less than 200 microns in diameter. Although
large artery studies have produced much valuable information and insight into
the mechanisms of hypoxic relaxation, small arteries may play a more important
role than large arteries in determining the overall response to hypoxia, in vivo

[15].
To enable the study of hypoxic relaxation in small arteries, we designed
and developed an apparatus which allowed us to rapidly achieve a highly
reproducible level of severe hypoxia in an enclosed microvessel myograph.
Within two minutes of the administration of hypoxic gas, bath Po2 was reduced
to « 2 torr and maintained at that level throughout the remainder of the
experiment. Because earlier studies have shown that Po2 values in cerebral
tissue, in vivo, averaged approximately 19 torr under normoxic conditions, and
approximately 6 torr during moderate hypoxia, we employed this severity of
hypoxia to ensure acute hypoxic responses of near maximal magnitude [29].
This intensity of hypoxia appeared to be fully reversible, because subsequent
contractions under normoxic conditions were unaffected. In addition, the rate of
fall of oxygen tension was 20-40 fold greater than the rates of relaxation in the
arteries, indicating that the rates of hypoxic relaxation we observed were
physiologically determined and not technically limited by the rate of fall of Po2.
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Rates and Magnitudes of Hypoxic Relaxation in UTP Contracted
Arteries
All UTP contracted control arteries relaxed significantly under hypoxia,
although both the magnitude and rate of relaxation were significantly greater in
the second than in the fourth branch order segments of the newborn. In earlier
studies by Pittman and Duling, relaxation magnitude increased as artery
thickness increased [30]. Assuming that the supply of oxygen to smooth muscle
cells was diffusion limited, these findings were interpreted as evidence that the
relaxant effects of hypoxia were due primarily to limitation of ATP synthesis;
larger, thicker arteries should have a larger "anoxic core" during hypoxia and
therefore should have less ATP synthesis and a greater response to hypoxia.
Subsequent studies using magnetic spectroscopy [35] techniques have verified
that severe hypoxia can indeed decrease vascular levels of ATP up to 30%.
Although this "anoxic core" hypothesis might account for the differences
observed between newborn second and fourth branch order segments, it
cannot explain why second branch order segments from the newborn relaxed
more than those from the adult. Newborn arteries are consistently thinner than
corresponding adult arteries [24] and thus should have a smaller "anoxic core"
and a smaller magnitude of hypoxic relaxation. The inability of the "anoxic core"
hypothesis to fully explain our findings suggests that other factors must be
involved.
One factor which may help explain age-related differences in the effects of
hypoxia involves a possible site of action of hypoxia-induced decreases in
vascular ATP levels. Recent studies indicate that physiologically relevant levels
of hypoxia can activate vascular Katp channels [7], presumably via local
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decreases in ATP concentration, which in turn hyperpolarize the smooth muscle
membrane [3] and thereby contribute to hypoxic relaxation. Based on previous
evidence of the presence of Katp channels in small cerebral arteries of both
newborn and adult sheep [28], we tested for the involvement of Katp channels
in the response to hypoxia in UTP pre-contracted arteries. In all cases the
presence of 1pM glyburide, a specific Katp channel antagonist [1, 8, 13],
strongly attenuated hypoxic relaxation, indicating that these channels play an
active role in the response to hypoxia in the sheep middle cerebral artery.
Interestingly, however, the effects of glyburide varied widely between the
newborn and the adult. Our finding that five of the newborn arteries, but none of
the adult arteries, contracted in response to the addition of glyburide under
normoxic conditions, suggests that the contribution of Katp channels to resting
outward potassium current is more important in newborn than adult cerebral
arteries. Similarly, our finding that the magnitude of the effect of glyburide on
hypoxic relaxation was markedly greater in newborn than adult cerebral arteries
further suggests that the role of these channels during hypoxic relaxation may
vary with age.
Responses to Hypoxia in Potassium Contracted Arteries
To independently verify that Katp channels were involved in newborn and
adult cerebral artery responses to hypoxia, we repeated the hypoxia protocol in
arteries pre-contracted with 122 mM potassium-Krebs. Under these conditions,
changes in membrane potassium conductance should have had little effect on
membrane potential [32], and thus potassium depolarization should "block" the
effects of any activation of Katp channels and thereby attenuate hypoxic
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relaxation if Katp channels were involved. Unexpectedly, under these
conditions, in all arteries hypoxia induced dramatic contractions that were not
affected by 1pM glyburide. Although hypoxic contractions have previously been
reported in canine basilar arteries [18], the present results are in sharp contrast
to previous demonstrations of hypoxic relaxation in larger (basilar and posterior
communicating) newborn and adult ovine cerebral arteries contracted with
122 mM potassium-Krebs [24]. These findings demonstrate that responses to
hypoxia vary dramatically in relation to artery size and/or anatomical location in
the ovine cerebral circulation. In addition, these findings suggest that there is a
second depolarization- and glyburide- resistant component of response to
hypoxia which increases vascular tone in small cerebral arteries of both
newborn and adult sheep.
The Relative Contributions of the Components of Response to
Hypoxia
Given the demonstration of both a glyburide-sensitive relaxant component
and a depolarization resistant contractile component of the responses to
hypoxia, we employed a simple linear model to estimate the relative
magnitudes of these components. This approach assumed complete additivity
of the magnitudes of the different components without synergism or mutual
inhibition, and was based simply on within-animal differences in the response
magnitudes observed between the various experimental groups, as described
in Methods. These calculations predicted the presence of a third, glyburideresistant but depolarization sensitive, relaxant component of the response to
hypoxia. Most importantly, the magnitude of this latter component was at least
two-fold greater than the glyburide-sensitive component in all arteries but did
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not vary significantly with either age or artery branch order (see Figure 6).
Although the mechanism(s) responsible for this component remain uncertain, it
cannot involve the release of endothelial vasoactive factors because the
endothelium was removed. Because this component was apparently blocked
by depolarization with 122 mM potassium, it is doubtful that ATP limitation as
predicted by the “anoxic core" hypothesis could explain this component. A
more probable explanation is that this component involves a glyburide-resistant
potassium channel that is in some way activated by hypoxia. One possible
candidate is the calcium-activated potassium channel, which carries a major
portion of the outward potassium current in cerebral arteries and which is
activated by small increases in cytosolic calcium concentration [4]. Involvement
of delayed [3] and inward [11] rectifying potassium channels is also theoretically
possible, although the manner in which these channels would be activated
during hypoxia is unclear.
In addition to the glyburide-resistant, but depolarization sensitive, relaxant
component of the response to hypoxia, we also observed a glyburide sensitive
relaxant component. Because glyburide is a specific Katp channel antagonist
[1, 8, 13], which we have shown to be highly effective in ovine cerebral arteries
[28],we concluded that this relaxant response to hypoxia was the result of Katp
channel activation. Our finding that the effects of glyburide varied widely
between the newborn and the adult were not unexpected in light of our earlier
observation that the sensitivity of ovine middle cerebral artery Katp channels
varied by two orders of magnitude between the adult and newborn [28].
Together, these findings strongly indicate that the characteristics of Katp
channels vary dramatically during maturation in ovine cerebral arteries. In
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particular, the present findings suggest that the newborn relies more heavily on
Katp channels for both development of hypoxic relaxation and maintenance of
normoxic tone than the adult.
In contrast to the relaxant effects of hypoxia due to both glyburide-sensitive
and glyburide-resistant mechanisms, our calculations also revealed a third,
depolarization-resistant, component that stimulated the arteries to contract in
response to hypoxia. The present findings thus reinforce the view that the direct
vascular effects of hypoxia vary dramatically in relation to artery size.
Consistent with the view that age is also a key determinant of the direct vascular
effects of hypoxia, the present results further demonstrated that the magnitude
of the depolarization-resistant contractile component increased with age in the
fourth branch arteries.
Whereas hypoxic vasoconstriction has been demonstrated in pulmonary
artery preparations from many species including the rabbit [2], ferret [16], pig
[17], and cat [20], this response generally requires an intact endothelium and is
not affected by indomethacin or other cyclo-oxygenase inhibitors. Hypoxic
vasoconstriction has also been reported in non-pulmonary arteries such as the
canine femoral, canine coronary, rat tail, and sheep middle cerebral arteries
[34, 5, 19] in which either removal of the endothelium or pre-treatment with
indomethacin attenuated hypoxic contraction [5, 19]. As a whole, these findings
suggest that, at least in these non-pulmonary preparations, hypoxic contraction
is mediated by the release of a vasoconstrictor prostanoid from the vascular
endothelium. However, in a few additional non-pulmonary preparations
including the canine basilar and the arteries of the present study, hypoxic
contractions were independent of the endothelium or vasoactive factors

95
released therefrom [34, 18, 33]. The main explanation forwarded for this latter
response is that hypoxia directly increased the entry of calcium into the vascular
smooth muscle cells [18, 23]. This explanation is consistent with our
interpretation that glyburide-resistant relaxation is associated with the activation
of calcium-sensitive potassium channels (Kca) channels, but conflicts with other
studies in rabbit basilar arteries which have shown that calcium influx
decreases during acute hypoxia [27]. The mechanism mediating hypoxic
contraction, and the extent of its involvement in the hypoxic vasoconstriction
observed in the present study, is uncertain and thus remains a promising topic
for future investigation. Regardless of the nature of this mechanism, the present
findings indicate that its role, like that for the glyburide-sensitive and glyburideresistant mechanisms of response to hypoxia, vary with both age and artery size
in the ovine cerebral circulation.
CONCLUSION
In conclusion, the present studies indicate that the maturation of cerebral
arteries is associated with significant changes in the mechanisms regulating
cerebrovascular responses to hypoxia. The present studies demonstrate a role
for Katp channels in hypoxic vasodilatation of small cerebral arteries which is
more important in newborns than in adults. These studies also indicate the
presence of a glyburide-resistant but depolarization-sensitive relaxant
component of the response to hypoxia that may represent Kca channels, which
is of greater magnitude than the Katp channel component, and plays a greater
role in adult than in newborn responses to hypoxia. Finally, these studies
revealed a potent contractile response to hypoxia in arteries contracted by
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potassium depolarization which was of greater magnitude in adults than in
newborns. These mechanisms, in addition to the possible effects of hypoxia on
vascular energy metabolism, appear to play an important role in the direct
multifactorial response of small ovine cerebral arteries to hypoxia.
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MATURATION AND CONTRACTILITY
Optimum Baseline Tension and Diameter
Large arteries studied in vitro are usually prestretched to a given resting
tension to attain optimum length. This practice is based on the assumption that
length-tension relationships have a long flat plateau, which has been verified in
numerous previous studies. This assumption, however, does not appear to
apply to smaller arteries in the ovine cerebral circulation. In each artery type
examined, the length-active tension relation rose and fell sharply around a
narrowly defined peak. Consistent with this observation, the coefficients of
variation for our estimates of the Dopt/Dzero ratio were much less than the
corresponding coefficients for estimates of optimum resting tension. A probable
explanation of this difference is that the use of the Dopt/DZero ratio imposed a
fixed change in smooth muscle length which was independent of individual
differences in segment length, thickness, and compliance, whereas these
variables can contribute to variation in estimates of optimum tension. These
factors are likely to be of great significance given that major changes in
thickness and compliance have been documented in arteries of varying
diameter and age [Cox et al., 1976][Roach, 1970].
Interestingly, values of the D0pt/DZero ratio were less in newborn than in
adult segments from both the second and fourth branch order arteries. This
observation, which is in agreement with previous observations
[Matherne et al., 1988], suggests that the compliance of small cerebral arteries
changes during maturation, such that they require significantly more stretch to
attain optimal length in adults. Consistent with this observation, compliant
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elements of the artery wall, such as collagen and elastin, have been shown to
increase during early postnatal development [Roach, 1970]. Alternatively, it is
possible that the optimum sarcomere length is greater in adult smooth muscle
cells or the vascular smooth muscle cells themselves could simply be growing
longer. Although the present results cannot discriminate between these
possibilities, they nonetheless emphasize the importance of determining
optimal prestretch conditions in arteries of the cerebral microcirculation.
Sensitivity
We observed significant variations in the contractile responses to
norepinephrine and serotonin. In all cases, responses to norepinephrine were
completely blocked by 10 jiM prazosin and unaffected by 10 jiM yohimbine,
indicating that these responses were mediated exclusively by alpha-1
adrenergic receptors. Consistent with this interpretation, the pKB values
obtained for prazosin agreed well with previously published values for the
alpha-1 receptor [Muramatsu et al., 1990] [Faber, 1988] [Oriowo et al., 1989].
In the case of serotonin, contractile responses were competitively blocked by
10 nM ketanserin, a specific 5-HT2 receptor antagonist, (pA2 8.90-8.98) and
unaffected by 1pM propranolol, an inhibitor at the 5-HT-|-|jke receptors.
Additionally, the contractile response to 8-OH-DPAT, a relatively specific
5-HTi receptor agonist, was blocked by 100 nM ketanserin, further indicating
that these responses were mediated exclusively by 5-HT2 serotonergic
receptors.
Unlike findings in previous studies [Bevan et al., 1987] [Van Riper and
Bevan, 1991], tissue sensitivity to norepinephrine (as indicated by pD2 values),
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did not change with artery diameter in either newborn or adult segments.
Likewise, consistent with some [Hamel et al., 1988] [Elliott and Pearce, 1993],
but not all [Van Riper and Sevan, 1991] [Auer et al, 1985], previous studies,
tissue sensitivity to serotonin did not vary significantly with branch order in
either newborn or adult segments. Species variations in adrenergic and
serotonergic responsiveness are the most probable explanation for this
difference, particularly in light of findings similar to ours using norepinephrine in
the baboon [Hayashi et al., 1984].
In contrast, tissue sensitivity to norepinephrine decreased significantly with
age only in the fourth branch order segments while tissue sensitivity to 5-HT
decreased significantly with age only in the second branch order segments
These observations agree with previous findings in both the cerebral [Wagerle
et al., 1990] and pulmonary [Dunn et al., 1989] circulations of the sheep in
which sensitivity decreased with age and reinforce the view that the
cerebrovascular mechanisms mediating responses to norepinephrine and
serotonin vary widely among species and are changing dramatically with age.
The mechanisms responsible for these shifts, however, remain unclear but
appear to involve a distinct change in the roles of both norepinephrine and
serotonin with maturation. Whereas 5-HT appears to be of greater importance
in the newborn second branch, NE appears to be of greater importance in the
newborn fourth branch. The clinical significance of these changes during
maturation, however, remains uncertain.
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Maximum Tension
Although the tissue sensitivity to serotonin did not vary with changes in
branch order, the maximum contractile response to serotonin, when expressed
as a percentage of the response to potassium, decreased as branch order
increased, but only in the adult. This observation is consistent with previous
findings in larger ovine cerebral arteries [Pearce et al., 1991], but disagrees with
similar studies in rabbit middle cerebral arteries [Van Riper and Sevan, 1991].
In contrast to serotonin, maximum contractile responses to norepinephrine did
not vary with branch order in the adult or the newborn.
Coincident with the age-related changes in tissue sensitivity to serotonin,
we observed significant age-related decreases in the maximum contractile
responses to serotonin in both branches. Maximum response to
norepinephrine, however, decreased only in the fourth branch order segments.
The observed decreases in maximum contractile responses are consistent with
those previously reported in larger ovine cerebral arteries [Pearce et al., 1991].
Why the contractile responses to norepinephrine and serotonin changed with
maturation except in the second branch order segments of norepinephrine
contracted arteries is not known, but appears to involve a complex integration of
contractile pathways. These findings further demonstrate that the pathway
coupling norepinephrine and serotonin to the contractile response changes
with age. Possible mechanisms could potentially involve any of numerous
events including receptor binding, second messenger metabolism, as well as
changes in the contractile apparatus itself.
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The Hill Coefficient
The interpretation that cerebrovascular responses to norepinephrine
change with age is further strengthened by our finding that the Hill coefficients
of the NE dose-response relation increased dramatically with age in both artery
sizes, but complicated by our finding that the Hill coefficients of the 5-HT doseresponse relation did not change with increasing branch order or with age in
any of the groups studied. Because the relation between agonist concentration
and contractile response involves multiple biochemical steps, and Hill
coefficients simply reflect the slopes of the dose-response relations they, thus,
suggest possible changes in the rate limiting step(s) or gain in this pathway.
Although the identity of the rate-limiting step(s), remains unknown these
findings indicate that the range of norepinephrine concentrations eliciting a
significant contractile response is greater in the newborn than the adult. In
addition, these findings suggest that the physiological consequences of low
concentrations of perivascular norepinephrine are greater in newborn than
adult cerebral arteries. Conversely, because the Hill coefficients of the 5-HT
dose-response relation did not change, this suggests that there are no changes
in the gain or rate limiting step(s) of the serotonin contractile pathway. Because
sensitivity and maximum response to 5-HT changed without a corresponding
change in Hill values this indicates that other processes, such as changes in
receptor reserve and/or affinity must also be involved to account for these
differences.

108
Receptor Reserve and Affinity
Two key determinants of the relation between agonist concentration and
contractile response are the receptor affinity, and the size of the receptor
population. As with pD2 and maximum response, norepinephrine affinity did
not change with artery branch order in either age group. However,
norepinephrine affinity decreased significantly with age in the fourth branch
order segments. This suggests that in these segments, the decrease in affinity
may be involved in the observed age-related decreases in both norepinephrine
sensitivity and maximum response. Likewise, serotonin affinity, in contrast to
maximum response, did not change with artery branch order in either age
group, but decreased significantly with age in both the second and fourth
branch order segments. These results further suggest that changes in affinity
play a key role in age-related changes in responsiveness to serotonin.
However, affinity to serotonin changed in both the second and fourth branch
order segments, whereas the Hill coefficients did not change in any of the
segments and sensitivity changed only in the second branch order segments.
In addition, no significant age-related changes in maximum response, affinity, or
sensitivity to norepinephrine were observed in second branch order segments,
whereas the Hill coefficients were markedly increased with age in both artery
sizes. Together these results suggest that in addition to affinity, other factors
may play a role in age-related changes in serotonin and norepinephrine
responsiveness.
Aside from affinity, another key determinant of the relation between agonist
concentration and contractile response is the number of functional receptors. In
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the present experiments, we estimated the percentage of these receptors bound
(RA/Rt) to NE or serotonin at the pD2. In the newborn, RA/Rt did not change
significantly in relation to artery diameter with either serotonin or NE, although it
decreased with increasing branch order in the adult. This suggests that
receptor reserve is decreasing [Oriowo et al., 1989] as diameter increases in
adult, but not newborn, middle cerebral arteries. This change, in the absence of
changes in sensitivity and affinity with both agonists, suggests a decrease in
receptor density as diameter increases in the adult segments, although the
exact relationship between receptor occupancy and receptor density cannot be
determined using the present methods.
With maturation, RA/Rt at the pD2did not change significantly in NE
contracted fourth branch order segments, although affinity, sensitivity and
maximum response all decreased. This suggests that changes in tissue
sensitivity to NE and maximum response, are largely due to changes in affinity.
On the other hand, with maturation, RA/Rt decreased significantly in 5-HT
contracted fourth branch order segments, along with affinity and maximum
response, although sensitivity remained the same. This suggests that in the
fourth branch order segments an increase in serotonin receptor density may be
a major determinant of the relation between serotonin concentration and
contractile response.
In 5-HT contracted second branch order segments RA/Rt increased as was
expected with the earlier reported decreases in sensitivity and maximum
response. As suggested above for size-related changes in receptor occupancy
in the adult segments, these findings suggest a possible decrease in receptor
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density or intrinsic efficacy with maturation in the second branch order
segments. In NE contracted second branch order segments, RA/Rt increased
markedly in the absence of major changes in affinity, sensitivity, and maximum
response. Again, as suggested above for size-related changes in receptor
occupancy in the adult segments, these findings suggest a possible decrease in
receptor density with maturation in the second branch order segments.
Conclusion
In conclusion, the present studies demonstrate that in the sheep middle
cerebral artery, 5-HT2, but not 5-HT1, serotonergic receptors mediate
contractile responses to serotonin and that alpha-1, but not alpha-2, adrenergic
receptors mediate contractile responses to norepinephrine. In addition, tissue
sensitivity to 5-HT and NE can decrease significantly with maturation, but does
not vary with branch order. These age-related changes were associated with a
decrease in affinity and maximum response in the second branch order
segments of 5-HT contracted arteries and fourth branch order segments of NE
contracted arteries. Interestingly, NE and 5-HT receptor occupancy at the pD2
rose significantly in the second branch order segments, but did not change with
age in the fourth branch order segments of NE contracted arteries and was
significantly less in the second branch order segments of 5-HT contracted
arteries.
These changes suggest that in 5-HT and NE contracted arteries differences
in sensitivity and maximum response are secondary to changes in agonist
affinity and receptor density. In the fourth branch order segments of 5-HT
contracted arteries, maximum response, affinity, and receptor occupancy at the
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pD2 all decreased with age without a change in sensitivity. This decrease in
affinity appears to have been offset by an increase in either efficacy or receptor
density. On the other hand, affinity to NE changed only in the fourth branch
order segments, whereas the Hill coefficients were markedly increased with age
in both artery sizes, which suggests that in addition to affinity, other factors play
a role in age-related changes in NE responsiveness.
Overall, our data demonstrate that the receptor populations of sheep middle
cerebral arteries are dynamic and that differences in age and size involve major
changes in the adrenergic and serotonergic neuroeffector systems of ovine
middle cerebral arteries. While changes in receptor occupation and affinity
appear to be involved, they cannot fully account for all the differences. Other
mechanisms such as changes in receptor density and/or intrinsic efficacy may
also play a role. How these changes in sensitivity and affinity are mediated
remain unknown, but may reflect changes in membrane fluidity, receptor
up/down-regulation, and changes in the contractile apparatus itself. Regardless
of the exact mechanisms mediating the observed changes, the present studies
strongly suggest that the differences in contractility of sheep middle cerebral
arteries, which vary by age and branch order, involve changes in affinity,
occupancy, sensitivity, maximum response and gain.
MATURATION & HYPOXIC RELAXATION
Effects of Lemakalim
Since the early studies of hypoxic relaxation of isolated vascular smooth
muscle by Detar and Bohr [Detar and Bohr, 1968], hypoxic relaxation of isolated
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vascular smooth muscle has been studied in a wide variety of arteries and
preparations. The majority of these studies, however, have examined relatively
large conduit arteries such as the aorta and common carotid arteries. Although
large artery studies have produced much valuable information and insight into
the mechanisms of hypoxic relaxation, evidence suggests that smaller arteries
of the cerebral circulation may play a more important role than larger arteries in
determining the overall response to hypoxia [Gordon et al., 1994].
One of the proposed potential mechanisms involved in the changes
observed with hypoxic relaxation involves changes in potassium channels and
their ability to produce hyperpolarization. In the cerebral circulation the
membrane potential and contractility are tightly coupled [Brayden, 1992]. Given
the central importance of potassium channels in determining cerebrovascular
membrane potential under normal conditions [Clapp and Gurney, 1992] it would
be logical to conclude that potassium might also play an important role during
hypoxic hyperpolarization. In fact, a growing body of evidence suggests an
important role for ATP-sensitive potassium channels (Katp) in the
hyperpolarization response to hypoxia [Daut et al., 1990].
ATP-sensitive potassium channels have been demonstrated in smooth
muscle from multiple locations, including the cerebral arteries
[Masuzawa et al., 1990]. Studies in adult animals have further shown that
physiologically relevant levels of acute hypoxia can activate Katp channels
[Daut et al., 1990] and cause hyperpolarization and vasodilatation of vascular
smooth muscle. Although Katp channels appear to be widely distributed
among different species and smooth muscle types, average pD2 values for the
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KATP channel activator lemakalim, as shown in Chapter Four, were remarkably
similar and did not vary significantly from the values we obtained for the adult.
In contrast, our determinations of the lemakalim pD2 values in newborn arteries
were markedly lower and averaged 1.5-2 orders of magnitude less than in the
corresponding adult arteries.
These data suggest that Katp channels are less sensitive to physiological
activation in newborn than in adult cerebral arteries. The significant age-related
decreases in the Hill coefficient suggest, further, that changes in internal
regulatory mechanisms, receptor affinity, or reserve may account for the
differences in sensitivity. However, the present pharmacological tools available
do not allow us to make this determination.
If Katp channels are indeed either less abundant or less sensitive in
newborn than adult arteries, then other potassium channels, such as the
calcium-activated potassium channel [Brayden and Nelson, 1992], may be
required to regulate the outward current normally carried by Katp channels in
adult arteries, and therefore may also function differently with age. Clearly, the
finding that Katp channels are less sensitive to activation in newborn than in
adult arteries has many functional implications.
Effects of Glyburide and Hypoxia
Based on previous evidence of the presence of Katp channels in small
cerebral arteries of both newborn and adult sheep [Pearce and Elliott, 1994], we
tested for the involvement of Katp channels in the response to hypoxia in UTP
pre-contracted arteries. In all cases the presence of 1pM glyburide, a specific
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KATP channel antagonist [Ashcroft, 1988] [De Weille et al., 1988] [Escande et
al., 1988], strongly attenuated hypoxic relaxation, indicating that these channels
play an active role in the response to hypoxia in the sheep middle cerebral
artery. Interestingly, however, the effects of glyburide varied widely between the
newborn and the adult. Our finding that the magnitude of the effect of glyburide
on hypoxic relaxation was markedly greater in newborn than adult cerebral
arteries suggests that the role of these channels during hypoxic relaxation may
vary with age. Similarly, our finding that five of the newborn arteries, but none
of the adult arteries, contracted in response to the addition of glyburide under
normoxic conditions further suggests that differences exist in the relative
contribution of KATP channels to resting outward potassium current in newborn
and adult cerebral arteries.
We repeated the hypoxia protocol in arteries pre-contracted with
122 mM potassium-Krebs to eliminate the effects of potassium channels and
thereby attenuate hypoxic relaxation if KATP channels were involved.
Unexpectedly, acute hypoxia induced dramatic contractions in all arteries.
Although hypoxic contractions have previously been reported in canine basilar
arteries [Katusic and Vanhoutte, 1986], the present results are in sharp contrast
to previous demonstrations of hypoxic relaxation in ovine basilar and posterior
communicating arteries from both newborn and adult [Pearce and Ashwal,
1987]. These findings apparently demonstrate that responses to hypoxia vary
dramatically in relation to artery size and/or anatomical location in the ovine
cerebral circulation. In addition, these findings further suggest the presence of
another potassium channel mediating relaxation and suggest the presence of a
second depolarization- and glyburide- resistant component of response to
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hypoxia which increases vascular tone in small cerebral arteries of both
newborn and adult sheep.
The Components of the Response to Hypoxia
Given the demonstration of multiple components of the response to
hypoxia, we employed a simple linear model to estimate the relative
magnitudes of these components. This approach assumed complete additivity
of the magnitudes of the different components without synergism or mutual
inhibition. These calculations predicted the presence of three components in
the acute response to hypoxia; a depolarization and glyburide-resistant
contractile component, a glyburide and depolarization-sensitive, relaxant
component and a glyburide-resistant but depolarization sensitive, relaxant
component. Surprisingly, the magnitude of this latter glyburide-resistant but
depolarization sensitive, relaxant component was at least two-fold greater than
the glyburide-sensitive component in all arteries
Although the mechanism(s) responsible for the glyburide-resistant but
depolarization sensitive, relaxant component remain uncertain, it does not
involve the release of endothelial vasoactive factors because the endothelium
was removed. Because this component was apparently blocked by
depolarization with 122 mM potassium, it is doubtful that ATP limitation as
predicted by the "anoxic core" hypothesis could explain this component. A
more probable explanation is that this component involves a glyburide-resistant
potassium channel that is in some way activated by hypoxia. A strong
candidate is the calcium-activated potassium channel (Kca). which carries a
major portion of the outward potassium current in cerebral arteries and is
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activated by small increases in cytosolic calcium concentration [Brayden and
Nelson, 1992], Involvement of delayed [Bonnet et alM 1991] and inward
[Edwards et al., 1988b][Edwards and Hirst, 1988a] rectifying potassium
channels is also theoretically possible, although the manner in which these
channels would be activated during hypoxia is unclear.
In contrast to the relaxant effects of hypoxia due to both glyburide-sensitive
and glyburide-resistant mechanisms, our calculations also revealed a third,
depolarization-resistant, component that stimulated the arteries to contract in
response to hypoxia. Although hypoxic vasoconstriction has been
demonstrated in pulmonary arteries of many species [Bonnet et al., 1989]
[Gottlieb et al., 1988] [Holden and McCall, 1984] [Madden et al., 1985] this
response generally required an intact endothelium. Hypoxic vasoconstriction in
non-pulmonary arteries such as the canine femoral, canine coronary, rat tail,
and sheep middle cerebral arteries [Rubanyi and Vanhoutte, 1985] [Busse et
al., 1984] [Klaas and Wadsworth, 1989] also required an intact endothelium.
However, in a few additional non-pulmonary preparations including the
canine basilar and the arteries of the present study, hypoxic contractions were
present which were independent of the release of endothelial factors
[Rubanyi and Vanhoutte, 1985] [Katusic and Vanhoutte, 1986] [Rubanyi and
Vanhoutte, 1988]. This response, termed a direct vascular effect of hypoxia, has
been attributed to an increase in the entry of calcium into smooth muscle cells
[Katusic and Vanhoutte, 1986][Nakagomi et al., 1987]. This is consistent with
our interpretation that glyburide-resistant relaxation is associated with the
activation of Kca channels, but conflicts with other studies in rabbit basilar
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arteries which have shown that calcium influx decreases during acute hypoxia
[Pearce et al., 1991]. The mechanism mediating hypoxic contraction, and the
extent of its involvement in the hypoxic vasoconstriction observed in the present
study, is uncertain and thus remains a promising topic for future investigation.
Regardless of the nature of this mechanism, the present findings indicate that its
role, like that for the other components of the response to hypoxia, varies with
both age and artery size in the ovine cerebral circulation.
Conclusion
In conclusion, the present studies indicate that the maturation of cerebral
arteries is associated with significant changes in the mechanisms regulating
cerebrovascular responses to hypoxia. Because the present data were
obtained from arteries less than 200 \i in diameter, our findings further suggest
that these age-related differences in electrophysiological characteristics reside
in the small resistance arteries where most vascular regulation occurs. The
present studies demonstrate a role for Katp channels, which carry a larger
outward current in newborns than in adults, in hypoxic vasodilatation of small
cerebral arteries. If Katp channels are indeed less sensitive to activation in
newborn than adult arteries, then other potassium channels, such as the large
conductance Kca channel, may regulate the outward current normally carried
by Katp channels in adult arteries. Consequently, our studies defined the
presence of a glyburide-resistant but depolarization-sensitive relaxant
component of the response to hypoxia that appears to represent these Kca
channels, which is of greater magnitude than the Katp channel component,
and plays a greater role in adult than in newborn responses to hypoxia. Finally,
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these studies revealed a potent contractile response to hypoxia in arteries
contracted by potassium depolarization which was of greater magnitude in
adults than in newborns and may represent activation of voltage operated
calcium channels or an increase in calcium sensitivity. These mechanisms, in
addition to the possible effects of hypoxia on vascular energy metabolism,
appear to play an important role in the direct multifactorial response of small
ovine cerebral arteries to hypoxia. Clearly more study is necessary to clearly
elucidate the exact nature of the components in the response to hypoxia and
how these components are changing with age and artery size. Fortunately, a
growing number of pharmacological tools are becoming available to simplify
the study of these channels and determine more precisely where these
changes are taking place.
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